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SECTION  I.  I5TRODOCTTOB  AMD  SUMMARY 


IMTRODUCTIOM 

This  document  describes  the  test  of  a  redundant  Fly-By-Wire  actuator 
system  designed  by  the  Boeing  Military  Airplane  Company,  Seattle,  Washington. 
The  system  is  designed  to  be  two -fail -operate  for  electromechanical  failures 
and  single-f ail-operate  for  hydromechanical  failures.  Testing  of  the  system  by 
DC1  at  Wright -Patterson  AFB,  Ohio,  occurred  during  the  period  from  May  to 
October  1983. 

The  design  of  the  system  is  based  on  using  a  microprocessor  to  control  and 
monitor  the  operation  of  a  tandem  actuator  and  reconfigure  the  system  upon 
component  failure  in  the  actuator.  The  microprocessor  was  not  designed  to  be 
failure  tolerant.  The  testing  conducted  was  a  measurement  of  the  input-to- 
output  characteristics  of  the  system.  The  system  was  unusual  in  the  use  of  a 
microprocessor  for  failure  detection  and  control,  and  in  that  electro-hydraulic 
channels  were  run  together  in  a  nominal  force  fight  configuration.  The  test 
evaluation  included  operating  the  system  in  both  loaded  and  unloaded  configura¬ 
tion. 


SUMMARY 

The  system  operated  successfully  with  input /output  characteristics 
consistent  with  other  Fly-By-Wire  systems.  The  microprocessor  was  able  to 
identify  failures  and  reconfigure  the  system  successfully.  However,  there  are 
several  characteristics  of  the  mechanism  for  which  improvement  or  careful 
design  is  recommended.  These  are:  (a)  the  piston  seal  should  be  designed  to 
accept  the  stresses  resulting  from  the  increased  force  fight  in  the  presence  of 
digital  noise,  (b)  the  failure  logic  threshold  is  frequency  dependent  and 
should  be  set  up  to  match  the  failure  response  requirements  of  the  actuator, 
(c)  without  tracking  equalization  (as  was  the  test  system),  bias  mis-matches  of 
the  servovalves  degrade  the  threshold  and  signal  fidelity,  (d)  the  technique  of 
sampling  and  reusing  failed  c^tynnels  after  a  failure  has  occurred  caused 
incorrect  failure  voting  (it  is  recommended  that  it  not  be  used). 
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SECTION  II.  SYSTEM  DESCRIPTION 


The  Boeing  Microprocessor  controlled  actustor  which  was  evaluated  is  based  upon 
using  a  tandem  hydraulic  actuator  with  two  drive  pistons.  Each  piston  is 
connected  through  a  solenoid  operated  bypass  valve  to  a  servovalve.  Each 
servovalve  contains  two  input  coils  and  two  LVDT's  which  measure  spool 
position.  In  the  normal  mode  operation,  both  servovalves  are  ised  to  drive  the 
actuator . 

The  actuator  system  is  designed  to  be  two-fail -operate  for  electronic  failures 
and  single-fail-operate  for  hydraulic  failures.  Loos  of  supply  pressure  or 
two  electronic  failures  in  the  section  used  to  drive  one  servovalve  cause  the 
failure  logic  to  bypass  that  servovalve.  To  provide  the  dual-fail-operate 
characteristics,  electronic  servovalve  models  of  the  spool  position  are  used 
for  comparison  with  the  actual  spool,  position  measured  by  the  LVDT's.  Two  spool 
position  LVDT's  and  two  servovalve  models  are  used  for  each  servovalve.  Only 
one  servovalve  LVDT  and  one  servovalve  model  pair's  output  is  connected  to  the 
failure  detection  logic  at  a  time.  Four  position  signals  (  a  model  and  an  LVDT 
output  for  each  se-vovalve)  are  used  for  failure  detection.  When  the  failure 
detection  logic  determines  there  is  a  disagreement  between  any  one  of  the  four 
signals  and  the  other  three,  an  action  in  the  electronics  associated  with  the 
"failed"  signal  is  initiated.  If  the  failure  is  associated  with  an  "active" 
channel,  a  transfer  in  initiated.  This  transfer  is  a  switching  of  the  input 
coils  used  to  control  the  servovalve  associated  with  the  "failed"  signal  and  a 
simultaneous  transfer  of  the  spool  LVDT  and  model  position  signal  output  to 
the  alternate  pair.  If  the  failure  is  associated  with  a  "model"  channel,  no 
transfer  occurs  but  a  failure  is  declared  and  the  output  signal  of  t'ne  failed 
model  channel  is  no  longer  voted  with  the  other  remaining  channels. 

The  two  bypass  valves  'one  for  each  servovalve)  are  electrically  controlled  and 
pressure  operated.  Ei.ner  loss  of  hydraulic  pressure  to  the  servovalve  or  two 
voted  failures  in  the  electronics  associated  with  the  servovalve  cause  the 
bypass  valve  to  operate. 

The  failure  detection  logic  design  provides  for  automatically  changing  the 
failure  state  s  of  a  channel  after  it  is  voted  "failed".  The  output  signal  of 
the  "failed"  tlectronics  is  continuously  sampled  to  determine  if  it  should 
return  to  a  "g,.od"  6tate  again.  If  a  "failed"  channel's  output  is  correct  for 
a  specifi  d  number  of  consecutive  samples  and  comparisons,  the  channel  statu3 
is  changed  from  a  "failed"  to  a  "good"  status.  No  change  of  assignment  of  the 
active  and  model  channel  operation  results  from  the  change  in  the  "failed" 
channel  status,  however  the  channel  is  used  for  failure  monitoring. 

Figure  1  is  a  schematic  of  the  Boeing  microprocessor  control  actuator  system. 
Figure  2  shows  the  microprocessor  control  equipment  with  its  failure  display 
panel  and  digital  input  sources.  Figure  3  shows  the  actuator  with  the 
interface  panel  mounted  on  top  by  DCI.  In  Figure  3  the  actuator  is  clamped  to 
a  test  plate  in  preparation  for  the  unloaded  tests. 

The  central  processing  unit  used  by  Boeing  is  an  Intel  80/05  microprocessor. 
DATEL  analog  I/O  uuits  provided  16  channels  of  analog  input  end  16  channels  of 
analog  output. 

The  actuator  used  for  the  system  was  a  tandem  electrohydraulic  actuator.  Part 
Number  HR  41004890,  manufactured  by  HR  Textron,  Valencia,  California.  The 
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Figure  1.  Actuator  Control  Schematic 


actuator  had  a  drive  area  of  3.1  square  inches  per  section  and  a  stroke  of 
+.1.69  inches.  Two  flapper  uozzle  servovalves  capable  of  an  output  flow  of  2.25 
gpm  each  were  mounted  on  the  actuator.  Each  servovalve  incorporated  two  LVDT's 
which  were  used  to  measure  the  servovalve  spool's  position.  The  servovalves 
were  a  conventional  flapper  nozzle  design.  The  frequency  response  at  25%  input 
was  rated  at  -3  dB  at  200  Hz  with  a  phase  lag  of  90°  at  100  Hz.  The  actuator 
incorporated  two  solenoid  valves  which  were  used  to  bypass  one  section  of  the 
tandem  actuator  upon  a  second  electrical  or  a  first  hydraulic  failure. 

Although  Figure  1  shows  four  position  transducers  used  to  measure  the  actuator 
position  (as  would  normally  be  mechanized),  Boeing  mounted  two  position  LVDT's 
and  split  the  outputs  to  simulate  the  four  transducers.  This  was  done  because 
of  a  limit  of  16  A/D  converters  used  in  the  microprocessor. 

The  failure  detection  circuitry  deGign  was  based  on  sampling  a  failure  a 
predetermined  number  of  times  before  voting  a  channel  out  and/or  reconfigura¬ 
tion,  The  failure  detection  was  therefore  a  combination  of  an  amplitude  and  a 
time  window.  This  method  was  used  to  minimize  failure  declaration  sensitivity 
to  random  short  duration  failures  when  the  system  was  operated.  The  number  of 
samples  required  for  declaration  of  a  failure  could  be  changed  from  the  front 
panel  of  the  microprocessor.  As  with  failure  declaration,  voting  a  sample 
channel  "good"  again  and  using  it  for  failure  logic  required  a  sample  amplitude 
window.  The  number  of  samples  during  which  a  previously  declared  fail  channel 
had  to  operate  properly  before  being  declared  "good"  was  variable  from  the 
front  panel  of  the  microprocessor. 


TEST  EVALUATICH 

The  operation  of  the  Boeing  Microprocessor  system  in  its  operate  and  fail 
operate  modes  can  be  completely  described  by  performance  testing  with  selected 
combinations  of  active  channels.  The  status  of  the  monitor  channels  (failed  or 
operational)  do  not  affect  the  input/output  characteristics  of  the  system. 
Therefore  the  test  conditions  used  for  performance  measurement  of  the  system  do 
not  include  all  possible  combinations  of  monitor  channel  status  conditions, 
since  no  additional  information  would  be  obtained. 

The  general  test  evaluations  conducted  on  the  system  were  nput/output 
performance  measurements.  These  measurements  defined  both  the  linear 
performance  and  nonlinear  characteristics  of  the  mechanization.  Included  in 
the  testing  was  evaluating  the  effect  of  failure  insertion  and  input  removal. 
Because  the  system  did  not  use  equalization  to  prevent  force  fighting  in  the 
control  actuator,  performance  measurements  with  channel  offsets  were  made. 
Although  Boeing  had  previously  evaluated  the  unloaded  performance  of  the 
system,  they  had  not  tested  the  mechanism  with  the  application  of  output  loads. 
The  following  Section  III  is  the  general  test  procedure  used  for  evaluating  the 
system  (This  procedure  has  been  used  previously  by  DCI  for  evaluating  other 
flight  control  configurations.) 
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SECTIGR  III.  GENERAL  TEST  PROCEDURE 


The  following  general  test  procedure  was  used  for  evaluating  the  demonstration 
system.  This  procedure  defines  the  measured  parameters  and  states  t'.  »  general 
method  used  in  making  the  measurement.  The  procedure  is  divided  into  the 
following  categories: 

1.  Performance  Measurements 

2.  Failure  Effect  on  Performance 

3.  Input  Deviations  Effect 

4.  Failure  Transients 

5.  Failure  Logic  Detection  Characteristics 


PERFORMANCE  MEASUREMENTS 
Threshold 

Static  Threshold  "The  minimum  input  change  from  zero  level  which  causes 
a  measurable  output  change." 

Procedure  -  Apply  a  slowly  increasing  +  input  until  a  measurable 
output  change  occurs.  Repeat  for  -  input.  Threshold  is  indicated  by 
the  minimum  input  change  for  a  measurable  output  change. 

Dynamic  Threshold  "The  input  level  Cat  a  particular  frequency)  required 
to  cause  a  measurable  output  level." 

Procedure  -  A  sinusoidal  input  at  a  selected  frequency  of  50%  of  the 
bandpass  of  the  actuator  is  applied  to  the  actuator.  The  amplitude 
of  input  to  create  a  measurable  output  indicates  the  dynamic 
threshold.  The  bandpass  of  the  actuator  is  defined  as  the  frequency 
at  which  -3  dB  amplitude  or  90°  phase  shift  occurs  (whichever  is 
lower  in  frequency). 

Frequency  Response  "With  a  sinusoidal  actuator  input,  the  frequency 
response  of  the  actuator  is  the  relationship  of  the  output  to  input 
expressed  as  an  amplitude  ratio  and  phase  angle  as  a  function  of 
frequency." 

Procedure  -  Apply  a  sinusoidal  input  of  an  amplitude  which  is: 

a.  large  enough  to  minimize  the  nonlinearity  distortions  of 
threshold  and  hysteresis 


b.  small  enough  to  avoid  velocity  saturation  in  the  frequency  range 
of  interest.  The  ratio  of  output  amplitude  to  input  amplitude 
and  output  phase  angle  relative  to  input  is  recorded. 

The  plot  of  the  amplitude  ratio  and  phase  indicate  the  frequency 
response . 

Linearity  "The  deviation  of  output  vs  input  from  a  straight  line 
relationship." 

Procedure  -  Apply  an  input  from  -  to  +  maximum  input  while  recording 
the  corresponding  output  position.  Linearity  is  indicated  by  the 
deviation  of  the  plotted  output  vs  input  from  a  straight  line  drawn 
between  zero  and  a  point  which  minimizes  the  maximum  deviation  of  the 
plotted  curve  from  the  straight  line.  Repeat  for  +  input  to  -  input. 

Hysteresis  "The  non-coincidence  of  loading  and  unloading  curves." 

Procedure  -  Apply  a  slowly  varying  input  to  the  actuator  at  up  to  1% 
of  the  maximum  input  in  the  following  sequence  while  recording  the 
actuator  output  position: 

1.  0  to  +  direction  input 

2.  +  input  to  -  direction  input 

3.  -  input  to  +  input 

Repeat  for  an  input  up  to  10%  of  the  maximum  input.  From  the  plot  of 
output  vs  input,  the  hysteresis  is  indicated  by  the  difference 
between  +  direction  actuator  output  position  and  -  direction  output 
position  for  the  same  input  level. 

Distortion  "The  amount  of  deviation  of  the  actuator  output  waveform  from 
the  input  waveform." 

Procedure  -  The  harmonic  distortion,  at  the  input  levels  used  to 
measure  the  frequency  response,  is  recorded  at  sinusoidal  input 
frequencies  of  10%,  50%  and  190%  of  the  bandwidth. 

Time  Response 

Saturation  Velocity  "The  maximum  velocity  at  which  the  actuator  is 
capable  of  moving  in  each  direction." 

Procedure  -  With  the  actuator  at  zero  position,  a  maximum  amplitude 
input  is  applied  to  the  actuator  while  the  actuator  motion  vs  time  is 
recorded.  The  test  is  conducted  for  both  directions  of  actuator 
motion.  The  slope  of  the  position  vs  time  record  indicates  the 
saturation  velocity. 

Step  Response  "The  time  response  of  the  actuator  output  to  an  applied 
step  input." 
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Procedure  -  Apply  a  step  input  to  the  actuator  and  record  the 
corresponding  actuator  motion.  The  amplitude  of  the  step  should  be: 

a.  large  enough  to  minimize  the  nonlinearity  distortion  of  threshold 
and  hysteresis 

b.  small  enough  to  avoid  velocity  saturation. 

FAILURE  EFFECTS  Cfi  PERFORMANCE 

Failure  Effect  "The  change  in  the  performance  of  a  redundant  actuator  due 
to  input  failures  or  internal  failures  of  actuator  components." 

Procedure  -  Inject  hydraulic  or  electrical  input  failures  into  the 
actuator  under  test  to  cause  it  to  operate  in  its  "failure 
operational"  modes.  For  each  mode,  measure  the  performance  by 
repeating  the  Performance  Measurement  tests.  The  input  levels  should 
be  maintained  at  those  used  for  the  "no  failure"  performance  tests, 
unless  the  performance  changes  dictate  different  levels  in  order  to 
obtain  reasonable  test  data. 


INPUT  DEVIATIONS  EFFECT 

Electrical  Input  Deviations  "The  change  of  electronic  inputs,  both  power 
and  control,  with  respect  to  the  normal  values  and/or  each  other." 

Procedure  -  Adjust  the  electrical  inputs  one  at  a  time  until  either 
the  maximum  expected  deviation  of  the  input  is  reached  or  the  failure 
trip  level  is  reached.  Section  2.1  will  be  measured  with  each 
electrical  input  deviation  adjusted  one  at  a  time  to  the  maximum 
deviation  expected  or  a  value  of  902  of  that  which  will  cause  a 
failure  trip. 

Hydraulic  Input  Deviations  '*The  change  of  hydraulic  pressure  inputs  with 
respect  to  the  normal  values." 

Procedure  -  Adjust  the  hydraulic  inputs  one  at  a  time  until  the 
maximum  expected  deviation  or  a  failure  trip  level  is  reached.  The 
performance  parameters  of  Section  2.1  will  be  measured  with  each 
hydraulic  input  adjusted  one  at  a  time  to  the  maximum  deviation 
expected  or  a  deviation  value  of  SOX  of  that  which  will  cause  a 
failure  trip. 


FAILURE  TRANSIENTS 

Electrical  Fai lure  Transients  "The  change  in  actuator  output  during 
failure  corrective  action  due  to  electronic  input  failures  causing 
transfer  from  one  operational  mode  to  another." 

Procedure  -  Apply  a  slowly  changing  input  to  one  control  channel  of 
the  actuator.  Record  the  actuator  output  change  during  the 
corrective  action  of  actuator.  Repeat  the  test  for  each  control 
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channel  input  and  failure  mode  condition.  Repeat  for  a  hardover  step 
input . 

Apply  a  sinusoidal  input  to  all  channels.  Open  each  input  while 
recording  actuator  output. 

Hydraulic  Failure  Transients  "The  change  in  actuator  output  during 
failure  removal  corrective  action  due  to  hydraulic  input  failures 
causing  transfer  from  one  operational  mode  to  another." 

Procedure  -  Apply  a  slowly  decreasing  hydraulic  input  to  one  control 
channel  of  the  actuator.  Record  the  output  change  during  the 
corrective  action  of  the  actuator.  Repeat  the  test  for  all  hydraulic 
inputs . 

Repeat  the  preceding  test  with  a  rapid  decrease  of  hydraulic  input 
pressure . 

FAILURE  LOGIC  DETECTION  CHARACTERISTICS 

Logic  Detection  Characteristics  "The  difference  in  multiple  input  time 
histories  which  will  cause  a  failure  logic  to  declare  a  failure." 

Procedure  (Static  Failure  Detection  Level)  -  Apply  a  slowly 
increasing  input  to  one  channel  of  the  system  while  maintaining  the 
other  channel  input6  at  zero  level.  The  voltage  at  which  the  channel 
is  declared  failed,  expressed  as  a  percentage  of  the  input  for 
maximum  position  and  a  percentage  of  the  input  for  maximum  rate  is 
the  static  failure  detection  level." 

Procedure  (Dynamic  Failure  Detection  Level)  -  Apply  a  slowly 
increasing  input  to  one  channel  of  the  system  at  frequencies  from  DC 
to  a  frequency  at  %'hich  the  system  response  is  attenuated  by  at  least 
15  dB,  The  other  channel  inputs  are  maintained  at  zero  levels.  The 
voltage  at  which  the  channel  i6  declared  failed,  expressed  as  a 
percentage  of  the  input  for  maximum  position  and  a  pecentage  of  the 
input  for  maximum  rate  is  the  dynamic  failure  detection  level." 


10 


JV.  SPECIFIC  TEST  P&OCEDDKES 


SYSTEM  SETOP 

For  all  tests  except  the  input  deviation  tests,  the  failure  detection  level  was 
set  at  channel  differences  corresponding  to  35%  of  the  servovalve  stroke.  This 
value  was  established  by  performing  one  complete  series  of  input  testing  to 
establish  that  nuisance  disconnects  would  not  occur.  For  the  system  operation 
the  failure  logic  was  set  to  declare  a  failure  after  3  iterations  of  detecting 
the  failure.  Initially,  the  failure  logic  was  allowed  to  declare  "good"  a 
previously  failed  channel  after  it  tested  good  for  9  iterations.  However 
during  the  failure  detection  tests,  it  was  discovered  that  the  failure  logic 
would  vote  incorrectly  because  of  a  previously  failed  channel.  Therefore,  the 
failure  logic  was  set  so  that  it  would  not  use  a  previously  failed  channel. 

In  order  to  allow  injecting  multiple  inputs  into  the  microprocessor  it  was 
necessary  to  change  the  input  method.  The  system  as  delivered  by  Boeing 
allowed  only  a  single  signal  input  (the  same  signal  iuput)  for  all  four 
channels.  This  limitation  was  due  to  the  number  of  A/D  converters  that  had 
been  installed  in  the  microprocessor.  In  order  to  investigate  the  effect  of 
input  deviations,  the  test  inputs  were  summed  with  the  four  feedback  signals 
and  the  normal  signal  input  connected  to  ground.  This  input  connection 
method  was  electrically  equivalent  to  driving  each  of  the  four  channels  with 
separate  inputs. 

To  investigate  the  effect  of  hydraulic  failures  and  deviations  on  the  test 
system,  the  two  hydraulic  supplies  were  connected  through  pressure  reducing 

yfll VAC 


DEVIATIONS  AND/OR  ADDITIONS  TO  THE  GENERAL  TEST  PROCEDURE 

Because  the  microprocessor  was  not  designed  as  a  failure  tolerant  electrical 
control  device,  no  testing  of  the  effect  of  electrical  power  changes  to  the 
microprocessor  was  conducted. 

In  order  to  make  the  distortion  measurements  on  the  test  system,  a  chart 
recording  of  the  output  wave  form  was  made.  The  harmonic  distortion  analyzer 
normally  used  for  this  test  does  not  provide  reliable  distortion  measurements 
at  frequencies  below  3  Hz.  Since  the  Boeing  system  frequency  response 
attentuated  rapidly  above  3  Hz,  a  chart  recorder  was  used  to  record  waveform 
fidelity.  In  evaluating  the  effect  of  input  deviations,  the  sy6tem  wa6  run 
with  D.C.  bias  inputs.  This  was  done  in  order  to  evaluate  the  effect  of  null 
offsets  of  the  servovalves  which  control  the  tandem  actuator  (since  no 
compensation  of  the  force  fight  between  control  channels  was  included  in  the 
system) . 

As  part  of  the  test  evaluation,  the  system  was  run  with  the  output  of  the 
actuator  subjected  to  a  load  force.  This  test  condition  was  added  to 
investigate  the  sensitivity  of  the  system  to  loads,  particularly  when  operating 
with  servovalve  null  offsets.  Two  load  conditions  were  used.  One  condition 
was  with  the  load  system  providing  a  linear  spring  rate  of  10,000  pounds  per 
inch  around  the  test  actuator  midstroke  position.  The  eecond  load  condition 
was  with  an  applied  spring  gradient  load  of  5,500  pounds  per  inch  and  the 
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actuator  positioned  0.85  inch  from  midstroke.  This  created  a  bias  load  of 
4,67  5  pounds  with  a  spring  rate  of  5,500  pounds  per  inch. 

SPECIFIC  TEST  CCBDIiIOfiS 

The  following  list  defines  test  conditions  referenced  in  Table  1  applied  to  the 
actuator  during  testing.  Table  I  is  a  list  of  the  specific  test  conditions 
used  in  evaluating  the  Boeing  servoactuator.  On  Table  I  the  follow  applies: 

Ho  suffix  on  test  condition  number  Actuator  unloaded,  uncoupled 

nAn  suffix  on  text  condition  number  Actuator  connected  to  1  iad  system 

with  the  load  commanded  to  zero 

nB"  suffix  on  test  condition  number  Actuator  connected  to  load  system 

with  an  applied  linear  symmetrical 
10 , 000 1 b s / in .  load  around  test 
actuator  midstroke  position 

"C"  suffix  on  test  condition  number  Actuator  connected  to  load  system 

with  an  applied  load  of  5,500 
lba/in.  Actuator  positioned  0.85  in. 
from  midatroke,  creating  a  steady 
bias  load  of  4,675  lbs. 

Te6t  conditions  1  through  20  are  operating  conditions  for  the  test  system.  For 
each  operating  system,  the  entire  series  of  performance  measurements  are  run 
(including  the  te6t  conditions  1  through  20  which  have  suffixes  A,  B,  and  C). 

Teat  conditions  1  through  4  are  baseline  teste  with  the  system  operating 
uormally . 

Test  conditions  5  through  8  are  designed  to  evaluate  the  affect  of  electrical 
input  failures  on  the  test  system.  The  test  conditions  are  for  a  single  first 
failure  into  the  various  four  inputs.  After  the  failure  injection,  the  system 
operates  in  a  fail  operate  mode. 

Test  conditions  9  through  i2  are  designed  to  evaluate  a  failure  effect  on 
performance  with  two  channels  failed. 

Test  condition  number  13  is  operation  of  the  system  with  one  hydraulic  failure. 
Channels  1  and  2  are  both  powered  by  the  hydraulic  system  section  which  is 
subjected  to  a  failure  condition. 

Test  conditions  14  through  19  are  operational  conditions  of  the  system  with 
both  control  and  power  input  deviations.  These  test  conditions  allow 
evaluating  the  system  with  a  range  of  inputs  corresponding  to  deviations  which 
would  not  be  detected  as  failure  conditions. 

Test  conditions  14,  15  and  16  reflect  electrical  null  effects  which  are  less 
than  the  null  shift  which  would  cause  a  failure  to  be  declared. 


Test  conditions  17,  1 8  and  19  reflect  a  hydraulic  supply  pressure  reduction 
from  normal  system  pressure. 

Test  condition  20  is  used  to  evaluate  the  system  with  the  normal  channel 
mismatch  "nulled’1  out.  Since  the  system  did  not  use  any  compensation  for  null 
mismatches,  this  test  condition  corresponds  to  the  best  operating  condition 
attainable  with  respect  to  force  fight. 

Test  conditions  21  through  30  (including  those  with  suffix  B  and  C)  are  the 
failure  transient  tests.  These  test  conditions  define  the  method  of  testing 
for  output  changes  with  specific  input  failures. 


Condition 

Number 

j- 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 


TABLE  1 

TEST  C0KD1T10KS  BOEING 
RE  COM  g  1  G'JRABLE  FAIL  OPERATIVE  S ERV 0 ACTUATOR 

Channels  1  and  3  active  -  nc  failures 
Channels  1  and  4  active  -  no  failures 
Channels  2  and  3  active  -  no  failures 
Channel  a  2  and  4  active  -  no  failures 

Channels  1  and  3  active,  Channel  4  failed,  Channel  2  model 

Channels  1  and  4  active,  Channel  2  failed,  Channel  3  model 

Channels  2  and  3  active,  Channel  1  failed  Channel  4  model 

Channels  2  and  4  active,  Channel  3  failed,  Channel  1  model 

Channels  1  and  2  failed,  Channel  3  active,  Channel  4  model 

Channels  1  and  2  failed,  Channel  4  active,  Channel  3  model 

Channels  3  and  4  failed,  Channel  1  active,  Channel  2  model 

Channels  3  and  4  failed,  Channel  2  active,  Channel  1  model 

One  hydraulic  failure  (Channels  1  and  2)  (zero  psi) 

Channel  3  -  bias  to  90%  of  trip  level 

Channel  3  +  bias  to  90%  of  trip  level 

Channel  1  and  3  with  opposing  input  offsets 

Channel  1  +  bias  and  Channel  3  -  bias  to  90%  of  trip  level 
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Channels  1  and  2  at  2K  psi 


TABLE  1 

TEST  CG0D1TIGHS  BOEING 

BECOe?U  EABLK  FAIL  OPERATIVE  SERVGACTUATOi  (COKT'D) 


Condition 

Number 


18 

19 

20 

21 


22 


23 


24 

25 

26 


27 

23 

29 


30 


1A,1B,1C 


I  Channels  1,2,3  and  4  at  2K  psi 
I  Channels  3  and  4  at  2K  psi 

I  Channels  1  and  3  active  -  no  failures  -  Bias  on  channel  3 
!  to  pressure  null  active  channels. 

I  Ground  inputs  to  channels  2,4,1  sequentially  with  system 
!  initially  operating  1A,2M,3A,4M  and  50%  extend  (+4.5  volts 
I  at  all  inputs.) 

I  Apply  a  ramp  of  zero  to  1  volt  at  0.4  volt/sec.  (+1.0  volt  at 
I  0.1  Hz)  to  channels  1,2,3  sequentially  with  the  system  at  null. 

I  (System  initially  operating  1A,2M,3A,4M.) 

I  Apply  a  ramp  of  zero  to  1  volt  sequentially  to  channels  1,2,3 
i  with  system  operating  at  1/2  the  bandpass  frequency  with 
I  maximum  unsaturated  input  amplitude.  (System  initially 
I  operating  1A,2M,3A,4M. ) 

1  Ground  inputs  to  channels  1,2,3  sequentially  with  output  at 
I  50%  extend  and  initially  operating  at  1A,2M,3A,4M. 

I  Ground  inputs  to  channels  1,2,3  sequentially  with  output  at  50% 

I  retract  and  initially  operating  at  1A,2M,3A,4M. 

I  Ground  inputs  to  channels  1,2,3  sequentially  with  system 
I  operating  at  1/2  the  bandpass  frequency  with  maximum 
!  unsaturated  input.  (System  initially  operating  1A,2H,3A,4M.) 

I  Apply  +9  volts  sequentially  to  channels  I,?. 3  with  system 
I  at  null  and  operating  at  1A,2M,3A,4M. 

I  Apply  -9  volts  sequentially  to  channels  1,2,3  with  system 
I  at  null  and  operating  at  1A,2M,3A,4M. 

I 

I 

I  Apply  +9  volts  sequentially  to  channels  1,2,3  with  system 
I  operating  at  1A,2M,3A,4M  and  1/2  the  bandpass  frequency 
I  with  maximum  unsaturated  input  amplitude. 

I  Apply  -9  volts  sequentially  to  channels  1,2,3  with  system 
I  operating  at  1A,2M,3A,4M  and  1/2  the  bandpass  frequency 

I  with  maximum  unsaturated  input  amplitude. 

!  Channels  1  and  3  active  -  no  failures 


2A,2B,2C  I  Channels  1  and  4  active  -  no  failures 


TABLE  1 

TEST  CONDITIONS  BOEIHG 

RECOBFIGOKABLE  FAII.  OPERATIVE  S ER? GACTOATOR  (COST'D) 


B 


a 


Condition 

Number 

3A.3B, 20 

4A,4B,4C 

9B,9C 

11B.11C 

14B,  14C 

15B,  ISC 

16B, 16C 

22B , 22C 

23B.23C 


Channels  2  and  3  active  -  no  failures 

Channels  2  and  4  active  -  no  failures 

Channels  1  and  2  failed,  3  active,  4  model 

Channels  3  end  4  failed,  1  active,  2  model 

Channel  3  -bias  to  902  of  trip  level 

Channel  3  +bias  to  902  of  trip  level 

Channel  1  and  3  with  opposing  input  offsets 
Channel  1  +bias,  Channel  3  -bias 

Apply  a  ramp  of  zero  to  1  volt  at  0.4  volt/sec. 

(_+  1.0  volts  at  0.1  Hz)  to  channele  1,2,3  sequentially 

with  system  at  null.  (System  initially  operating  1A, 2M, 3A,4M. ) 

Apply  a  ramp  of  zero  to  1  volt  sequentially  to  channels 
i,2,3  with  system  operating  at  1/2  the  bandpass  frequency 
with  maximum  unsaturated  input  amplitude.  (System  initially 
operating  1A,2M,3A,4H. ) 


k  . 
* 


a  - 


24C 

26B.26C 


27B.27C 


Ground  inputs  to  channels  .1,2,3  sequentially  with  output 
at  50%  extend  and  initially  operating  at  1A,2M,3A,4M. 

Ground  inputs  to  channels  1,2,3  sequentially  with  syBtem 
operating  at  1/2  the  bandpass  frequency  with  maximum 
unsaturated  input.  (System  initially  operating  1A, 2M, 3A,4M. ) 

Apply  t-9  volts  sequentially  to  channels  1,2,3  with  system  at 
null  and  operating  at  1A,2M,3A,4M. 


28B.28C  I  Apply  -9  volts  sequentially  to  channels  1,2,3  with  system  at 
I  null  and  operating  at  1A,2M,3A,4M. 

I 

I 

29B, 29C  |  Apply  +9  volts  sequentially  to  channels  1,2,3  with  system 

I  operating  initially  at  1A,2M,3A,4M  and  1/2  the  bandpass 

I  frequency  with  maximum  unsaturated  input  amplitude. 


30B.30C 


Apply  -9  volts  sequentially  to  channels  1,2,3  with  syBtem 
operating  initially  at  1A,2M,3A,4M  and  1/2  the  bandpass 
frequency  with  maximum  unsaturated  input  amplitude. 


V 
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V.  TEST  RESULT'S 


general 

The  teat  results  presented  in  this  section  are  arranged  in  the  following  order: 
A.  UNLOADED  TEST  RESULTS 


Static  Threshold 

Test 

Conditions 

1 

through 

20* 

Dynamic  Threshold 

Test 

Conditions 

1 

through 

20 

Frequency  Response 

Test 

Conditions 

1 

through 

20 

Hysteresis 

Test 

Conditions 

1 

through 

20 

Saturated  Velocity 

Test 

Conditions 

1 

through 

20 

Linearity 

Test 

Conditions 

1 

through 

20 

Step  Response 

Test 

Conditions 

1 

through 

20 

Failure  Transients 

Test 

Conditions 

21  through  30** 

*Note  that  teat  conditions  1  through  20  include  the  following  aub-groupe: 


Baseline  tests 
Single  Electrical  Failures 
Dual  Electrical  Failures 
Hydraulic  Failure 
Input  Deviation  Effects 
Force  Fight  Nulling 


(Conditions  1  through  4) 
(Conditions  5  through  8) 
(Conditions  9  through  12) 
(Condition  13) 

(Conditions  14  through  19) 
(Condition  20) 


**Note  that  test  conditions  21  through  30  define  the  procedure  uBed  to  obtain 
the  failure  transient  time  history. 


B.  LOADED  TEST  RESULTS 

Static  Threshold 
Dynamic  Threshold 
Frequency  Response 
Hysteresi s 
Saturated  Velocity 
Linearity 
Step  Response 


Test  Conditions 
Test  Conditions 
Test  Conditions 
Test  Conditions 
Test  Conditions 
Test  Conditions 
Teat  Conditions 


1A  through  4A* 
1A  through  4A 
1A  through  4A 
1A  through  4A 
1A  through  4A 
1A  through  4A 
1A  through  4A 


Static  Threshold  (Test  Conditions  IB,  1C  through 

Dynamic  Threshold  4B.4C;  9B,9C;  11B,.11C;  14B,  14C 

Frequency  Response  through  16B,16C) 

Hysteresi 8 


i  Failure  Transients  (Test  Conditions  22B,22C 

i  23B,23C,24C 

'  26B.26C  through 

I  30B,30C)** 

i 

I 
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*Note  that  test  conditions  with  the  suffix  A  are  tests  with  the  load  system 
commanded  to  "0"  load. 

**Note  that  these  test  conditions  define  the  procedure  used  to  obtain  the 
failure  transient  time  history. 


C.  DISTORTION  (OUTPUT/INPUT  FIDELITY)  TEST  RESULTS 


The  distortion  test  results  t re  presented  as  waveform  recordings  of  the  input 
command  signal  and  the  output  cf  the  position  transducer  used  to  measure  the 
actuator  position.  The  data  is  presented  in  the  following  order: 


1.  Output  Fidelity  -  As  a  Function  of  Input  Level  -  Normal 
System  @  1/2  Bandpass  Frequency 

2.  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Nc  Load  -  10%  Input 

3.  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Symmetrical  Load  -  10%  Input 

4.  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Offset  Load  -  10%  Input 


r\«»  ►  r»t 


f  1  1  »  V »  —  A  />  A  f  i  MM  A  f  /'U  A^riA  1 
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Symmetrical  Load  -  3%  Input 


6.  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  ~ 
Offset  Load  -  3%  Input 


7.  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Symmetrical  Load  -  1%  Input 

8.  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Offset  Load  -  1%  Input 


In  order  to  reduce  the  volume  of  test  data  presented  in  this  section,  the 
majority  of  the  performance  measurement  data  has  been  reduced  to  tabulated 
form.  The  principal  exceptions  are  the  results  for  step  response  and  failure 
transients.  Since  time  response  characteristics  are  not  well  defined  by 
listing  only  one  or  two  characteristic  values,  the  step  response  measurements 
and  the  failure  transient  measurements  are  presented  as  recorded.  Also 
presented  in  graphical  form  is  the  data  taken  for  the  measurement  of 
input/output  linearity.  The  results  are  presented  in  tabulated  form  for  the 
following  testa: 

1.  Static  Threshold 

2.  Dynamic  Threshold 

3.  Frequency  Response 
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4.  Hysteresis 

5.  Saturation  Velocity 


For  tbe  test  results  reduced  to  table  form,  a  sample  of  representative  recorded 
data  is  included  for  tbe  test. 

In  presenting  the  measurements  of  threshold  and  hysteresis,  the  results  are 
given  both  in  percent  of  the  input  for  full  actuator  stroke  and  percent  of  the 
input  for  full  valve  stroke.  In  terms  of  the  full  actuator  stroke,  the 
percentage  value  for  a  given  amount  of  hysteresis  reduces  as  the  maximum  stroke 
of  the  actuator  increases.  Presenting  percentage  in  terms  of  the  input  for 
maximum  control  valve  stroke  shows  the  threshold  and  hysteresis  characteristics 
better  in  terms  of  comparing  different  control  valve  driving  mechanizations, 
independent  of  the  stroke  sizing  of  the  power  actuator. 


SPECIFIC  UNLOADED  TEST  RESULTS 

Figure  4  shows  the  Boeing  actuator  as  mounted  for  the  unloaded  tests.  Note  the 
two  position  transducers  used  to  measure  the  actuator  position  mounted  on  the 
outside  of  the  actuator. 


Static  Threafaold 


recorded  iu  establishing  c'ne  static  threshold  tor 


Figure  5  shove  the  data 
condition  1.  Note  that  the  0.1  Hz  ramp  input  is  slowly  increasing  with 
increasing  time.  The  threshold  value  is  determined  by  the  first  input 
amplitude  where  the  actuator  output  starts  to  respond  to  the  control  input. 
Note  that  the  noise  content  of  the  output  signal  reflects  an  output  change  of 
0.004  inch  peak  to  peak.  The  noiae  is  a  reflection  of  the  force  fight  between 
the  servovalves  and  digital  processing  causing  a  small  amplitude  hunting.  The 
upper  edge  of  the  noise  shows  the  actuator  responding  to  the  0.1  Hz  input  jramp. 
Table  2  shows  the  static  threshold  measured  for  teat  conditions  1  through  20. 
The  change  in  threshold  levels  is  generally  a  reflection  of  test  conditions 
which  change  the  force  fight,  pressure  gain  or  seal  friction  force  levels  of 
the  te6t  system. 


As  shown  in  Table  2,  test  conditions  1,  2,  3  and  4,  threshold  measurements  are 
made  with  different  combinations  of  active  channels  and  no  system  failures. 
There  is  no  change  of  threshold  as  a  function  of  the  particular  combination  of 
active  channels, indicating  that  the  initial  null  conditions  of  tbe  control 
valves  are  reasonably  well  matched.  Null  mismatches  between  the  active 
channels  will  cause  a  force  fight  and  a  corresponding  increase  in  threshold. 


Test  conditions  5  through  8  are  operation  of  the  system  with  single  channels 
failed.  As  compared  to  no  channel  failures  there  is  a  slight  increase  in  the 
static  threshold.  The  variation  in  the  threshold  reflects  the  relative  force 
fight  and  cull  conditions  of  the  channel  combination. 


TABLE  2 

STATIC  THRESHOLD 


TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE  PREPARED:  9/ 14/ 83 

Fly-By-Wire  Servoactuatoi: 

TEST:  Static  Threshold 


Test 

1 

1 

1 

1 

Static  Threshold 

Condition 

1 

1 

1 

Pk  to  Pk  1 

Input  Yol ts  ! 

1 

1 

Z  of  Max  Input  1  X  of  Ev  Max 

1 

1 

1 

0.008  I 

1 

0.044  1  0.500 

! 

Test  conditions  9  through  12  are  measurements  of  the  static  threshold  with  two 
channels  failed.  There  is  no  significant  difference  between  these  test 
conditions  and  the  baseline  end  single  failure  measurements. 

The  static  threshold  with  one  hydraulic  failure,  test  condition  13,  is  above  1% 
of  the  input  for  maximum  spool  pceition.  This  is  considerably  greater  than  the 
threshold  measured  for  the  baseline  teat  condition  1  and  reflects  a  reduction 
in  the  force  gain  in  relation  to  the  seal  friction  for  the  actuator. 

The  effect  of  the  channel  bias  levels  on  static  threshold  aa  measured  for  test 
conditions  14  through  16  is  not  significant.  For  example,  with  test  condition 
14,  the  bias  is  in  a  direction  which  does  not  increase  the  threshold  over  the 
baseline  null  mismatch.  However,  with  test  condition  15,  the  bias  direction 
does  increase  the  static  threshold. 

Test  conditions  17  through  19  are  used  to  evaluate  the  affect  of  reduced 
hydraulic  supply  pressure  to  the  test  system.  The  effect  of  the  Bupply 
pressure  reduction  is  a  slight  reduction  in  the  static  threshold  as  compared  to 
the  baseline  measurements.  This  is  consistent  with  a  reduction  in  seal 
friction  with  a  reduction  in  hydraulic  pressure  used  in  the  actuator. 

Teat  condition  20  with  the  active  channels  nulled  is  the  best  operating 
condition  for  the  test  syotem  and  yields  a  static  threshold  of  752  of  the 
baseline  threshold.  This  threshold  value  is  within  to  the  0.52  value  typically 
available  on  electro'nydrauiic  servovalves. 


Dynamic  Threshold 

Figure  6  shows  the  data  recorded  in  establishing  the  dynamic  threshold  for 
condition  1.  The  input  is  a  nominal  2  Hz  sinusoidal  signal  with  the  input 
amplitude  increasing  with  increasing  time.  The  amplitude  is  increased  by  a 
factor  of  2  over  a  minimum  time  of  5  seconds.  The  point  at  which  the  actuator 
mo.ion  starts  to  track  the  amplitude  increase  of  the  input  is  used  as  the 
dynamic  threshold  point.  Note  that  the  output  moves  at  the  nominal  2  Hz 
frequency  in  phase  with  the  input  over  most  of  Figure  6.  However,  the  output 
amplitude  does  not  increase  with  the  input  until  a  peak  input  amplitude  of 
0.050  volt  is  reached.  As  with  the  static  threshold  testing,  changes  in 
threshold  levels  generally  are  reflections  of  test  conditions  which  chauge  the 
force  fight,  pressure  gain  or  seal  friction  force  levels  of  the  test  actuator. 

Test  conditions  1,  2,  3  and  4  on  Table  3  are  the  dynamic  threshold  measurements 
with  different  combinations  of  active  channels  and  no  system  failures.  There 
are  only  minor  changes  of  dynamic  threshold  with  the  different  combinations  of 
active  channels.  This  indicates  that  the  dynamic  response  of  the  control 
channels  are  well  matched  over  the  frequency  bandpass  of  the  test  actuator. 

Test  conditions  5  through  8  which  evaluate  the  system's  dynamic  threshold  after 
one  electrical  failure,  show  an  increase  in  dynamic  threshold  for  only  test 
condition  8.  The  increase  reflects  the  relative  force  fight  and  null  condition 
of  test  condition  8'a  particular  channel  combination. 
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Date  Prepared  9/14/83 


TEST  ITEM  - 


TEST 


Boeing  Reconfigurable  Fail  Operative 
Fly-By-Wire  Servoactuator 

Dynamic  Threshold  -  Condition  1 

-  t 


Scale:  Input  “  0.005  v/div 

Xout  -  0.000935  in/div 

t  -  10  div/sec 


Figure  6.  Dynamic  Threshold  -  Condition  1 
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TABLE  3 

DYKAKIC  THRESHOLD 


i 

i 

i 

TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE  PREPARED :  9/ 14/ 83 

Fly-By-Wire  Servoactuator 

TEST:  Dynamic  Threshold 


Test 

Condition 

Pk  to  Pk 
Input  Volts 

i 

1 

1 

1 

1 

Dynamic 

%  of  Max  Input 

Threshold 

1  1  of  Ev  Max 

1 

0.050 

1 

| 

0.27  8 

I  3.125 

j 

2 

0.058 

1 

1 

1 

0.322 

1  3.625 

1 

3 

0.060 

1 

1 

| 

0.333 

1 

1  3.750 

l 

4 

0.055 

1 

i 

| 

0.306 

1  3.438 

I 

5 

0.063 

1 

1 

1 

0.350 

1  3.938 

i 

6 

0.060 

1 

1 

1 

0.333 

1  3.750 

i 

7 

0.070 

1 

1 

! 

0.389 

i 

1  4.375 

j 

a 

0.093 

1 

1 

1 

0.517 

1  5.813 

j 

9 

0.050 

1 

1 

1 

0.278 

1  3.125 

1 

10 

0.040 

1 

i 

I 

0.222 

1 

1  2.500 

1 

11 

0.050 

1 

1 

0.2/8 

i 

1  3.125 

1 

12 

0.050 

1 

1 

1 

0.278 

1  3.125 

i 

13 

0.053 

1 

1 

| 

0.294 

l 

I  3.313 

i 

14 

0.033 

1 

1 

1 

0.184 

i 

1  2.063 

1 

15 

0.028 

1 

1 

1 

1.156 

l 

1  1.750 

l 

16 

0.050 

\ 

1 

1 

0.278 

l 

1  3.125 

I 

17 

0.065 

1 

1 

1 

0.361 

i 

1  4.063 

1 

18 

0.075 

1 

1 

1 

0.417 

I  4.688 

1 

19 

0.050 

1 

1 

0.27  8 

1 

1  3.125 

1 

20 


0.060 


0.222 


2.500 


Test  conditions  9  through  12  are  dynamic  threshold  measurements  with  two 
electrical  channels  failed,  leaving  one  servovalve  bypassed  and  one  in  command 
of  the  flow  to  the  actuator.  The  dynamic  threshold  values  are  the  same  or 
slightly  lower  than  the  baseline  values.  This  indicates  that  there  is  not  much 
mismatch  between  the  two  servovalve  sections.  A  significant  improvement  in 
dynamic  threshold  with  only  one  channel  operating  would  indicate  a  significant 
force  fight  between  the  servovalve  sections  of  the  test  system. 

The  hydraulic  failure  test  (test  condition  13)  produces  a  dynamic  threshold 
similar  to  the  two  electrical  failure  conditions  (conditions  9  through  12). 
This  can  be  expected,  since  in  both  cases  the  test  condition  is  with  only  one 
half  of  the  actuator  operating. 

The  effect  of  the  channel  bias  conditions  (test  conditions  14  through  16)  on 
the  dynamic  threshold  is  not  significant.  Compared  to  the  baseline  dynamic 
threshold  of  test  conditions  1  through  4,  the  input  bias  can  either  improve  or 
degrade  the  dynamic  threshold  slightly.  For  example,  test  condition  14  with 
channel  3  biased  with  a  negative  input  to  902  of  the  trip  level  input  reduces 
the  dynamic  threshold  to  2/3  that  of  the  baseline  value.  The  dynamic  threshold 
measured  with  a  positive  bias  input  into  channel  three  is  also  lower  than  the 
baseline,  indicating  that  the  dynamic  threshold  wsb  not  dependant  on  the 
particular  bias  level  and  polarity  used.  The  double  bias  of  test  condition  16 
yielded  a  nominal  threshold  the  same  as  the  baseline. 

The  effect  of  reducing  either  one  or  both  of  the  hydraulic  supply  pressures  to 
2000  psi  (test  conditions  17,  18  and  19)  increases  the  dynamic  threshold 
slightly  compared  to  the  baseline  conditions  for  conditions  1?  osd  18.  The 
dynamic  threshold  measured  for  teat  condition  19  is  similar  to  the  baseline 
measurement.  The  increase  is  consistent  with  the  reduction  in  the 
pressure/flow  gain  of  the  servovalves  which  results  from  a  decrease  in  supply 
pressure  to  the  servovalves. 

Test  condition  20  with  the  active  channels  uulled  (a  best  operating  condition) 
yields  a  dynamic  threshold  of  802  of  the  best  baseline  measurement.  This 
result  is  to  be  expected.  A  nulled  operating  condition  of  the  servovalves 
gives  the  highest  pressure/flow  gain  for  the  servovalves  operating  together. 

Note  chat  the  dynamic  threshold  values  are  nominally  5  times  the  values  for  the 
static  threshold.  This  is  due  to  the  dynamic  threshold  measurement  requiring 
flow  from  the  valve  as  well  as  pressure.  This  effectively  reduces  the 
servovalve  pressure  gain,  increasing  the  input  level  required  to  overcome  the 
force  fight  and  seal  friction  effects. 

Frequency  Response 

Figure  7,  the  frequency  response  measured  with  test  condition  1,  is 
representative  of  the  data  obtained  for  all  the  unloaded  frequency  response 
measurements.  Note  that  the  actuator  output  motion  (at  0  dB  amplitude)  is  10 
percent  of  the  full  stroke  of  the  actuator.  The  input  level  corresponding  to 
the  10%  output  motion  met  the  criteria  of  minimizing  the  effect  of  threshold 
and  hysteresis  on  the  frequency  response  measurement  and  of  being  below  the 
level  at  which  rate  saturation  occurs. 
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Magnitude 


uency  in  Hz 


I  Table  4  lists  the  frequency  response  for  test  conditions  1  through  20  in  terms 

!  of  the  frequencies  at  which  the  -90°  phase  angle  and  the  -3  dB  amplitude  ratio 

1  point  occurred.  Because  the  shape  of  the  frequency  response  curves  for  all 

test  conditions  were  similar  (no  amplitude  peaking  and  a  phase  lag  of  less  than 
-90°  at  the  -3  dB  frequency),  the  table  listing  provides  valid  indication  of 
the  response  change  with  the  different  test  conditions. 

Note  that  as  shown  in  Table  4,  the  change  of  frequency  response  with  change  of 
test  conditions  is  quite  small.  The  greatest  change  from  the  nominal  baseline 
values  occurs  with  the  bias  changes  of  condition  14,  15  and  16.  Condition  16 
»  is  the  only  test  condition  where  the  -3  dB  frequency  occurs  below  3.00  Hz.  The 

[  range  of  variation  for  the  -3  dB  amplitude  frequency  is  from  2.80  to  3.50  Hz 

for  all  test  conditions.  The  range  of  variation  in  the  -90°  phase  angle  is  from 
j  3.2  to  4.2  Hz.  These  ranges  are  nominally  25%  of  the  baseline  values.  Note  that 

,  in  comparison,  the  baseline  test  conditions  generate  a  variation  in  the  -3  dB 

|  frequency  of  from  3.00  to  3.40  Hz.  (a  nominal  change  of  13%). 


Hysteresis 


Figure  8  shows  the  test  data  taken  for  the  hysteresis  measurement  with  test 
condition  1.  Table  5  lists  the  measured  hysteresis  for  test  conditions  1 
through  20.  The  data  shown  on  Figure  8  was  obtained  with  an  input  variation  o f 
+.10%  of  the  input  for  maximum  actuator  stroke.  Note  that  the  hysteresis  plot 
shows  an  output  which  is  irregular.  The  plus  direction  and  minus  direction 
output  curves  separate  and  then  coincide  with  small  changes  in  input  command. 
The  hysteresis  measurement  as  defined  by  "the  difference  between  +  direction 
actuator  output  position  and  -  direction  output  position  for  the  same  input 
level'  therefore  refers  to  a  local  condition  of  input  level.  The  irregularity 
where  the  +  and  -  direction  motions  coincide  is  a  linearity  measurement,  not  a 
hysteresi s.  Figure  8  is  representative  of  the  hy8tereaiB  data  for  test 
conditions  1  through  8.  These  conditions  operate  with  both  servovalves  active. 


Test  conditions  9  through  14  are  with  only  one  servovalve  operating.  For  these 
conditions  there  is  no  force  fight.  The  hysteresis  plots  for  these  test 
conditions  resemble  Figure  8  with  smaller  differences  between  the  +  and  - 
direction  motion. 

Figure  9  shows  the  test  data  taken  for  the  hysteresis  measurements  of  Condition 
15.  The  plot  shows  well  separated  +  and  -  direction  position  lines  with  a 
slightly  larger  difference  than  with  test  conditions  1  through  14.  The  greater 
separation  is  consistent  with  the  bias  change  of  condition  15  increasing  the 
null  mismatch  between  the  two  controlling  servovalves. 

Figure  10  shows  the  test  data  for  the  hysteresis  measurement  for  condition  16 
with  a  different  bias  condition.  The  data  shows  an  increase  in  the  "non¬ 
linearity"  of  the  position  changes  and  a  decrease  in  the  separation  between  the 
+  and  -  direction  curves  (compared  to  the  baseline  tests  and  other  bias  tests). 
This  verifies  that  the  hysteresis  (and  linearity)  of  the  system  are  functions 
of  the  null  conditions  of  the  servovalve  channels. 
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TABLE  4 

FKEQUEHCY  BESPCKSE 


TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE 
Fly -By-Wire  Servoactuator 


TEST:  Frequency  Response 
Test 

Condition 

~T 
2 

3 

4 

5 

6 

7 

8 
9 

10 
11 
12 

13 

14 

15 

16 

17 

18 

19 

20 


Output /Input 

-3  dB  Hz 

_  I _ 

3.40  I 

I 

3 .00  I 

i 

3.10  i 

I 

3.00  i 

I 

3.30  I 

I 

3.30  I 

I 

3.20  I 

I 

3.40  I 

! 

3.50  j 

I 

3.50  I 

I  I 

3.50  I 

I 

3.30  I 

1 

3.50  I 

I 

3.20  I 

I 

3.00  i 

I 

2.80  I 

I 

3.00  I 

I 

3.10  ! 

I 

3.10  I 


PREPARED:  9 


90°  Bz 

4.20 
4.00 
4.00 
4.00 
4.00 
4.00 
3.90 
4.00 
4.00 
4.00 
4.00 
3.70 
3.80 
3.80 

3.20 
3.30 
3.60 
3.50 
4.00 


3.20 


3. 80 


Hysteresis  -  10%  F.S. 


TABLE  5 
HYSTERESIS 


TEST  ITEM:  Boeing  Re  configurable  Fail  Operative 
Fly-By-Wire  Servoact uator 

TEST:  Hysteresis 


Test 

Condition 

2 

3 

4 

5 

6 
7 
S 


1 A 


%  Full  Scale 
0.062 
0.062 
0.062 
0.062 
0.0  82 
0.0  82 
0.082 
0.0  82 
0.041 
0.041 
0.041 
0.041 
0.041 
0,041 

0.167 
0.0  82 
0,041 
G.0  82 
0.0  82 


DATE  PREPARED: 


£  of  ^  Max 

5769  " 

0.69 
0.69 
0.69 
0.92 
0.92 
0.92 
0.92 
0.46 
n  ax 


9/14/83 


0.041 


Zjh^.ts.  <*y 


Hyatersis  -  10X  P.S 


The  effect  of  the  degradation  of  hydraulic  supply  pressure  on  the  hysteresis 
(test  conditions  17,  18  and  19)  is  not  significant.  The  hysteresis  measurements 
are  similar  to  that  obtained  with  the  baseline  and  single  electrical  failure 
operating  conditions.  There  is  a  slight  increase  with  two-channel  hydraulic 
supply  pressure  degradation  (test  condition  18)  as  compared  with  a  single- 
channel  pressure  degradation  (test  condition  19). 

Test  condition  20  (with  the  channels  operating  with  the  best  null  condition) 
gave  hysteresis  similar  to  that  obtained  with  single  servovalve  operation. 
This  is  consistent,  since  in  both  test  conditions  all  force  fight  between 
sections  has  been  eliminated. 

As  expressed  in  terms  of  the  voltage  for  maximum  servovalve  position,  the 
hysteresis  is  consistent  with  current  electrohydrsulic  two  stage  valves. 
However,  conventional  hysteresis  loops  were  not  obtained  for  most  test 
conditions.  It  appears  that  the  calculated  hysteresis  values  are  lowered  by 
the  effect  of  the  small  irregularity  in  the  position  linearity. 

Saturated  Velocity 

Figure  11  shows  the  data  recorded  in  measuring  the  maximum  velocity  for  the 
actuator  for  test  condition  1.  This  figure  is  representative  of  the  data 
obtained  for  all  the  teat  conditions.  As  shown  on  Figure  11,  a  step  command 
input  is  applied  as  an  input  to  all  control  channels.  The  actuator  responds 
after  a  short  time  delay  by  moving  at  maximum  velocity  until  it  reaches  its 
mechanical  stroke  limit.  Note  that  the  actuator  starts  from  either  full  extend 
or  full  retract  position  and  moves  through  the  full  stroke.  The  saturated 
velocity  is  calculated  from  the  data  as  the  slope  of  the  actuator's  output 
motion  (displacement  vs  time).  Table  6  lists  the  calculated  valuea  as  obtained 
from  the  chart  data.  Small  variations  in  the  calculated  rates  (0.1  it /sec  or 
less)  can  be  considered  measurement  error. 

As  shown  on  Table  6,  the  saturated  velocity  remains.  relatively  unchanged  from 
the  baseline  test  conditions  (1,  2,  3  and  4)  for  all  test  conditions.  The 
retract  saturation  velocity  was  slightly  lower  (by  152)  than  the  extend 
velocity  for  all  test  conditions.  This  was  probably  due  to  a  slight  difference 
in  the  servovalve's  hardover  output  flows  (since  the  actuator  drive  areas  were 
all  identical). 

The  extend  velocity  varied  from  2.44  in/sec  to  2.86  in/sec  over  the  range  of 
test  conditions  1  to  20.  The  difference  in  the  saturated  rates  for  test 
conditions  1  through  4  indicate  measurement  error.  The  servovalves  were 
hardover  for  all  4  conditions  and  no  difference  between  different  test 
condition  rates  in  oae  direction  would  normally  be  expected.  Since  the  actuator 
output  for  the  test  conditions  of  Table  6  is  unloaded,  the  loss  of  one 
servovalve  channel  should  have  negligible  effect  on  the  maximum  actuator  rate. 
This  is  confirmed  by  the  test  re.ults  for  conditions  9  through  13. 

The  effect  of  servovalve  bias  shifts  on  saturated  rate  would  normally  be 
negligible.  The  input  command  is  large  enough  that  the  servovalves  are  driven 
hardover  against  their  mechanical  stops,  eliminating  any  effect  of  input  bias 
levels.  This  is  confirmed  by  the  test  results  from  test  conditions  14,  15  and 
16  which  are  in  the  range  of  the  results  from  the  baseline  test  conditions  1 
through  4. 
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Figure  11.  Saturation  Velocity  -  Condition  1 


TABLE  6 

SATUBAXICB  VELOCITY 


TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE  PREPARED:  9/ 1 5/ 83 

Fly-By-Wire  Servoactuator 

TEST:  Saturation  Velocity 


Teat 


Condi tion 

1  Extend  -  in/cec 

1  1 
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1  2.76  I 

1  I 

2.37 

2 

!  i 
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3 
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4 
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7 

I  3.76  1 

1  i 

2.36 

Q 

'  i 

1  o  n  £.  1 

rt  r  / 

v* 

i  a,  /  ^  j 

j  | 

A.JH 

9 

1  2.62  1 
|  | 

2.54 

10 

1  2.67  ! 

i  t 

2.54 

11 

1  2.54  1 

1  1 

2.21 

12 

i  2.54  1 

1  1 

2.36 

13 

1  1 

i  2.76  ! 

1  1 

2.54 

14 

1  1 

1  2.62  1 
|  | 

2.36 

15 

1  2.76  1 

|  | 

2.27 

16 

1  2.86  1 
|  j 

2.54 

17 

1  2.62  I 

|  | 

2.29 

18 

1  2.44  1 

1  1 

2.12 

19 

1  1 

1  2.44  1 

1  j 

2.12 

20 

1  2.76  ! 

1  1 

2.36 

35 


0 

R‘ 

r-.y 

£ 

fi 

l 

% 

H 

f.' 

J? 


SH 


There  is  a  slight  degrading  of  the  actuator  rate  with  a  reduction  in  the 
hydraulic  supply  pressure.  This  is  shovn  by  the  results  of  test  condition  17. 
The  flow  from  the  servovalves  is  a  function  of  the  square  root  of  the  supply 
pressure.  A  reduction  in  supply  pressure  reduces  the  flow  from  the  valve  and, 
thereby,  the  maximum  actus  tor  rate. 


Linearity 

Figure  12  shows  the  data  recorded  in  measuring  the  output-linearity  of  the  test 
system  for  the  system  operating  in  test  condition  1.  The  measured  results  are 
representative  of  the  results  obtained  for  test  conditions  2  through  2C.  Since 
the  test  system  actuator  acts  as  an  integrator  of  flow,  the  measured  linearity 
is  primarily  a  measure  of  the  actuator  position  feedback  transducer's 
linearity.  Threshold  and  hysteresis  can  affect  the  linearity  curve  if  they  have 
large  values.  However,  for  linearity  curves  reflecting  1002  actuator  stroke, 
the  amount  of  hysteresis  (in  terms  of  the  maximum  actuator  stroke)  would  have 
to  be  on  the  order  of  the  rated  linearity  of  the  position  transducer.  For  the 
test  system,  the  linearity  rating  of  the  position  transducer  was  0.52  of  the 
full  scale  output.  Since  the  threshold  (Reference  Table  2)  and  tbe  hysteresis 
(Reference  Table  5)  were  both  below  0.12  for  all  test  conditions,  the  linearity 
would  not  be  expected  to  change  with  a  change  of  test  conditions  from  1  through 
20.  This  was  observed  from  the  test  measurements.  Figure  12  accurately 
represents  linearity  for  any  of  the  teat  conditions  1  through  20. 


Step  Response 

Figures  13  through  22  show  the  time  history  of  the  test  system  response  to 
retract  and  extend  step  inputs  for  test  conditions  1  through  22.  The  amplitude 
of  the  step  voltage  change  applied  as  an  input  to  the  test  system  is  nominally 
1.8  volts.  This  input  causes  the  actuator  output  to  change  by  102  of  its  stroke 
range . 

Note  that  the  general  response  of  the  teat  system  to  the  step  input  is 
initially  a  straight-line  ratap.  The  final  response  into  the  commanded  position 
is  a  smooth  approach  at  a  decreasing  rate.  This  is  consistent  with  tbe 
amplitude  of  step  input  applied.  An  error  voltage  (the  difference  between  the 
command  and  actuator  position  feedback  voltage)  of  0.800  volt  is  sufficient  to 
move  the  servovalve  spool  to  a  position  stop.  For  a  step  input  voltage  of  1.80 
volts,  the  servovalve  spool  is  held  hardover  on  its  stop  until  the  actuator  has 
moved  enough  to  generate  a  -1.00  volt  feedback  signal.  Therefore  the  actuator 
initially  moves  at  a  constant  rate  to  the  1.8  volt  input  step,  as  demonstrated 
by  the  test  results.  The  first  552  of  the  actuator  step  reponse  is  at  maximum 
rate.  For  the  remainder  of  the  response  to  the  step  input,  the  servovalve  is 
not  saturated  and  the  response  reflects  the  effect  of  the  control  loop 
dynamics.  The  final  response  approach  for  all  test  conditions  exhibits  no 
overshoot  or  ringing.  This  is  consistent  with  the  frequency  response  test 
data,  which  showed  no  peaking. 

A6  shown  on  the  time  response  data  for  all  test  conditions,  there  is  a 
minor  difference  in  the  retract  direction  and  extend  direction  step  response. 
The  initial  reponse  of  the  test  system  for  the  extend  direction  motion  is  made 
up  of  a  time  delay  of  1  millisecond  with  no  measured  change  of  the  actuator 
position  and  a  subsequent  2.5  millisecond  time  period  where  the  actuator  moves 
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Figure  13.  Step  Response  -  Conditions  !  &  2 
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figure  18.  Step  Response  -  Condition  11  &  12 
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is  a  direction  opposite  to  that  commanded  by  the  step  input.  The  1  millisecond 
time  delay  al60  occurs  with  the  retract  motion.  The  2.5  millisecond  time 
period  of  "opposite  motion"  does  not  occur  with  the  retract  response.  The 
"opposite  motion"  amplitude  is  small,  being  nominally  0.3%  of  the  total 
actuator  stroke. 

The  step  response  is  similar  for  all  the  test  conditions.  For  test  condition 
18  with  the  hydraulic  pressure  to  the  servovalves  reduced  to  2000  psi,  the 
initial  saturated  rate  of  motion  is  70%  of  the  other  test  conditions  with  3000 
psi  supply  pressure.  This  agrees  with  the  theoretical  reduction  of  flow  to 
0.707  for  a  1/3  reduction  of  pressure  from  normal. 


Failure  Transients 


General 

The  failure  transient  data  is  presented  in  the  strip  chart  form  as  recorded. 
For  each  figure,  the  general  arrangement  of  the  data  is  from  the  top  of  each 
figure  down: 

a.  Channel  Inputs  1  through  4  (  E£Q) 

b.  Actuator  Position 

c.  Failure  Indicate  for  Actuator  Section  1 

d.  Failure  Indicate  for  Actuator  Section  2 

The  channel  inputs  are  used  as  failure  injection  points  for  the  test  system. 
The  actuator  position  trace  shows  the  effect  of  the  injected  failure  on  the 
system  (jutput.  The  failure  indicate  time  traces  show  the  state  of  the  voltages 
used  to  drive  the  failure  indicators  for  the  two  actuator  sections.  These 
voltages  change  when  the  failure  logic  causes  the  bypass  solenoids  to  operate. 
The  bypass  solenoids  drive  bypass  valves  which  disable  an  actuator  section  by 
bypassing  the  actuator  drive  area.  Note  that  the  failure  indicate  traces  do  not 
show  individual  control  channel  status.  Display  lights  on  the  front  panel  of 
the  microprocessor  were  used  for  that  function. 

Note  that  the  test  conditions  21  through  30  define  both  the  initial  operating 
status  of  the  system  and  the  input  voltage  changes  used  to  cause  the  system  to 
change  operating  status. 


Specific 

Figure  23  shows  the  results  of  sequentially  grounding  the  input  voltages  to 
channels  2,  4  and  1.  The  system  j.s  operating  initially  with  control  channel  1 
active,  control  channel  2  monitor,  control  channel  3  active  and  control  channel 
4  as  monitor.  The  actuator  was  initially  commanded  to  a  50%  extend  postion. 

The  significant  result  of  this  test  is  that  there  is  no  change  in  the  actuator 
position  with  the  three  input  failures.  Since  the  first  two  injected  failures 
are  failures  of  model  channels,  no  failure  transient  would  be  expected.  The 
third  failure  (input  1)  is  a  failure  of  an  active  channel.  Since  the  majority 
vote  failure  logic  has  already  detected  two  failures,  the  third  failure  causes 
the  voting  logic  to  bypass  both  halves  of  the  actuator.  Since  no  external  load 
is  applied,  the  actuator  output  remains  stationary  when  the  actuator  sections 
are  bypassed.  Note  that,  the  failure  logic  does  not  bypass  either  actuator 
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Figure  23.  Failure  Transients 


Condition  21 


section  until  the  third  failure  occurs.  Before  the  third  failure,  both  active 
channels  1  and  3  agree  and  are  kept  in  control  of  their  respective  actuator 
sections.  Since  the  model  channels  2  and  4  have  already  been  declared  failed, 
only  chaunels  1  and  3  are  left  for  comparison.  When  channel  1  is  then 
"failed",  the  voting  logic  ha6  no  information  to  use  to  determine  whether  1  or 
3  is  the  failed  channel.  The  logic  therefore  declares  a  system  failure  and 
bypasses  both  halves  of  the  actuator. 

Figure  24  shows  the  results  of  sequentially  applying  a  ramp  input  of  0.4  volts 
per  second  to  channels  1,  2  and  3.  The  system  is  initially  at  null  and 
configured  with  channel  1  active,  channel  2  monitor,  channel  3  active  and 
channel  4  monitor.  The  input  signal  used  to  generate  the  0.4  volt  ramp  is  a 
triangle  waveform  input  with  a  peak  amplitude  of  nominally  1  volt  and  a 
frequency  of  0.1  Hz.  This  test  is  designed  to  evaluate  the  effect  of 
"slowover"  failure  inputs  on  the  output  of  the  actuator. 

Note  that  because  of  space  limitations,  Figure  24  does  not  show  the  input  to 
channel  4.  However,  because  the  input  was  maintained  at  0  voltage  during  the 
test,  no  significant  information  is  lost  by  not  presenting  channel  4's  ir.puc 
recording. 

Note  that  the  Fail  Indicate  1  signal  shows  that  section  1  of  the  actuator  is 
bypassed  when  the  ramp  into  channel  2's  input  reaches  0.375  volt.  Channel  1 
was  already  voted  out  when  the  ramp  applied  to  its  input  reached  the  failure 
detection  voltage.  Channel  2  was  then  changed  from  monitor  to  active  status 
and  the  application  of  the  slowover  ramp  to  channel  2  caused  the  failure  logic 
to  vote  the  channel  failure  and  the  bypassing  of  section  1  of  the  actuator. 
Note  that  the  voltage  at  which  the  failure  was  detected  (0.37  5  volt) 
corresponds  to  47%  of  the  voltage  maximum  spool  stroke.  This  is  Blightly 
greater  than  the  35%  setting  inputed  for  the  failure  detection  level. 

Note  that  upon  the  bypassing  of  section  1,  the  output  of  the  actuator  moves 
0.07  5  inch  or  2.2%  of  the  actuator  total  stroke.  This  movement  represents  the 
force  gain  of  the  "good"  actuator  section,  and  the  amount  of  force  fight 
buildup  when  the  second  failure  is  detected.  When  detected,  and  upon  the 
bypassing  of  section  1,  the  actuator  moves  to  the  null  position  of  section  2. 
The  third  failure  (the  slowover  into  channel  3)  causes  the  bypassing  of  section 
two.  Note  that  the  actuator  moves  0.205  inch  before  the  failure  is  detected. 
This  is  6.1%  of  the  total  acruator  stroke.  The  increase  in  actuator  movement 
between  the  second  and  third  failure  detection  is  due  to  the  lack  of  force 
fight,  since  Section  1  is  bypoassed;  and  is  simply  the  amount  of  the  actuator 
movement  before  the  failure  is  detected. 

Figure  25  shows  the  effect  of  applying  a  ramp  input  of  0.4  volt  per  second 
sequentially  to  channels  1,  2  and  3  with  the  system  operating  with  a  sinusoidal 
input  into  all  channels.  The  amplitude  of  the  nominal  1.5  Hz  sinusoidal  signal 
is  at  the  maximum  input  at  that  frequency  without  causing  rate  saturation.  The 
system  i6  initially  operating  with  channel  1  active,  channel  2  model,  channel  3 
active  and  channel  4  model.  The  input  to  channel  4  is  not  displayed  on  Figure 
25  for  reasons  of  room.  The  input  was  maintained  at  the  same  sinusoidal  input 
as  the  other  channels  before  the  application  of  the  ramp  input.  Note  that  the 
ramp  input  is  created  with  the  same  triangular  waveform  input  of  1  volt  peak  at 
1  Hz  that  was  used  for  evaluating  the  effect  of  slowover  input  failures.  The 
purpose  of  this  test  condition  was  to  measure  the  effect  on  the  dynamic  output 
of  failure  detection  of  slowover  failures. 


50 


Fail  Indicate  1 


A 8  shown  by  the  actuator  output  notion  shown  on  Figure  25,  there  is  no 
observable  deviation  of  the  output  notion  of  the  actuator  until  injection  of 
the  third  failure.  The  dynamic  response  amplitude  and  waveform  ia  not  affected 
by  the  failure  detection.  There  ie  a  slight  null  shift  of  1/2  division  (0.009 
in.)  when  section  1  is  bypassed  (as  indicated  by  the  Fail  Indicate  1  level 
change) . 

Figure  26  shows  the  effect  of  grounding  the  inputs  to  channels  1,  2  and  3 
sequentially  with  the  system  commanded  to  a  50%  extend  position.  The  system  is 
initially  configured  with  channel  1  active,  channel  2  monitor,  channel  3 
active  and  channel  4  model.  This  test  was  designed  to  evaluate  the  effect  of 
signal  loss  failures  to  the  control  channels  while  holding  an  "off  null" 
actuator  position.  The  sequence  of  failure  injection  is  to  inject  failures 
into  the  active  channels  of  each  actuator  section  first  (Condition  21  injected 
the  grounding  failures  into  the  monitor  channels  first). 

As  shown  on  Figure  26,  the  failure  logic  detects  the  grounded  inputs  correctly 
and  switches  control  from  the  failed  channels  to  the  model.  Since  the  failure 
of  channel  1  and  then  2  constitutes  an  actuator  section  failure,  the  failure 
logic  bypasses  section  one  of  the  actuator.  The  actuator  output  shows  no 
detectable  change  for  the  channel  1  failure  and  a  small  deviation  of  0.55%  of 
the  actuator  stroke  upon  the  bypass  of  section  1.  The  bypassing  of  the 
actuator  (as  indicated  by  the  actuator  output  change  of  0.55%)  occurs  0.8 
second  after  application  of  the  second  failure  input.  This  time  length  is 
interesting  as  can  be  observed  for  other  failure  transient  tests,  the  time 
delay  does  not  occur  with  hardover  inputs  with  the  actuator  at  null  (test 
condition  27).  With  the  third  input  failure  (grounding  of  channel  3)  the 
actuator  does  respond  to  the  input  failure.  During  the  0.8  second  delay 
between  the  application  of  the  failure  input,  tbe  actuator  moves  0.18  inch  or 
5.33%  of  the  total  actuator  stroke.  The  reason  for  the  time  delay  or  why  the 
delay  does  not  occur  for  the  similar  test  condition  of  hardover  inputs  applied 
io  the  same  sequence  to  the  channel  inputs  is  not  obvious.  (Subsequent  testing 
of  the  miroprocessor  configuration  by  Boeing  in  1986  generated  similar  results. 
The  cause  of  the  time  delay  was  determined  to  be  the  ground  return  path  design 
which  could  be  easily  modified  to  change  tbe  characteristic.) 

Figure  27  shows  the  effect  of  grounding  the  inputs  to  channels  1,  2  and  3 
sequentially  with  the-  system  commanded  to  a  50%  retract  position.  The  system 
is  configured  initially  with  channel  1  active,  channel  2  monitor,  channel  3 
active  and  channel  4  model.  Ae  with  test  condition  24,  thie  test  was  designed 
to  evaluate  the  effect  of  signal  loss  failures  to  the  control  channels  while 
the  actuator  ia  at  an  "off  null"  position.  Test  condition  24  evaluated  the 
extend  initial  condition  and  test  condition  25  (the  results  of  which  appear  on 
Figure  27)  evaluates  the  retract  initial  position. 

As  shown  on  Figure  27,  the  failure  logic  detects  the  grounded  inputs  correctly 
and  switches  control  from  tbe  failed  channels  to  the  model.  Since  the  failure 
of  channel  1  and  then  2  is  an  actuator  section  failure,  the  failure  logic 
bypasses  section  1  of  the  actuator  after  the  channel  2  failure.  Note  that  tbe 
actuator  output  shows  a  1.35%  deviation  after  both  the  first  and  second 
failures.  The  deviation  lasts  about  0.8  second.  This  time  delay  is  identical 
to  the  delay  observed  for  the  similar  test  condition  24  with  the  actuator 
positioned  at  a  50%  extend  position.  On  Figure  27,  the  0.8  second  is  apparent 
in  the  time  delay  between  the  application  of  the  second  failure  and  the  change 
in  the  level  of  the  fail  indicate  1  switch  which  shows  the  bypassing  of 


53 


TEST  ITEM 


Boeing  Reconf igurable  Kail  Operative 
Fly-By-Wire  Servoactuator 


TEST 


Failure  Transients  -  Condition  24 


Date  Prepared 


ACCUCHART  Gouid  Inc.,  Instrument  Systems  Division  Cn 

-4T-V— 4 . . . . '—H — 4—1 — ) — U ! I 1 1 1 i — .,4-^4^--, 


I  ”1-1 

'~4'  r  I. 


E,  Ch.  1 
in 


ir~i" 


r-...  ..|- 
J-:  ■  i  'lil 

!  E .  Ch.  2 
in 


!  ■'  r- 

— r  - 


..4....J .. 


in 


•  - 

[  ’  i_ 

•  i 

Ch.  3  1 


!  ! 

1  7 


1  • 


I 


3' 


- 

:  ’ 

i 

r; 

4. 

.  i  * 

-i  4 

_ 

i.i 

.4: 

.4 

L.! 

... 

r  : 
.-’I 

It- .  - . 

:  :  1 

i::. 

T 

-‘t 

4 

4 

— 

T4 

Hi 

r 

—  rr 

‘  “ 

*  7** 

; 

z 

: 

11 

;i 

*r; 

i  i 

__L 

— 

|  ■' 
*--q 

P 

n 

.  :  _ 

* 

-ir 

T*~' 

_i  - 

~ir 

i 

~~ 

• 

.1  . 

-  k 

s 

■■  j 

- 1  i - 1 - r 

r 

i  r 

i 

4 

i 

'  ! 

■  ■ 

.i  !:i _ i 

Ll 

— 

! 

41 _ 

:4 

. 

:i 

-- 

u 

■_ 

■ 

i  i  i 

T 

. 

-ir- 

• 

• 

4!:J 

« . . 

-3 

...  . 

ill: 

.... 

.. 

-4 

r~ 

.1 

"Hi 

i 

i 

1 

r“ 

: 

•L 

-4 

;  :.1 

■ 

T7 

i'l  4 

3! 

!— 

— 1 

M 

HI 

£ 

'  t 

-1U 

. 

H 
. — 

41 

r^r 

— 

_ 

_ 

[  ~l 

J-n 

. 

■4 

SC 

:  . 

4- 

.'•i 

— 

-4 

— 

S— 

~i  Scales 


in 


out 


;;;"pT  J  TH  "1  PT4H 

I  i  -fH”1!  "j”  |  r  j::-  '  1 —|r;  :•  :  I  -  u  ~t  \r--\ 

•T{  j  -jj  -  \:-\~lr  ;  ;  :  v  -il!!  I 


'  -I  - — I 


li-M-  -4-  - 

i  •• 


44" 

_ri  ... 


~r*ii 


:  Eln  Ch.  4 


-f- 


4-4 


iitl.lll.-j 

•  i  ■ !  !  ■  f 


|  ;T'-| 

44 

^4 

.. 

| 

r-  : 

•H— 

e;-l 

rr 

L'.: 

4‘ 

i 

i: 

•  ' 

4“ 

;.  - 

' 

— 

. 

•  ' 

—  i 

— 

u;i. 

4.5 


|  i '  ■ 

j' 

- 

illl] 

■ 

L.i4 

;i 

y 

r.  "  " ' 

*”'1 

‘ 

nr- 

L_J. 

■  ■ 

.: . 

1  out 

•  j 
'  ' 

"1 

;.  . 

'•  !  , 

-+  t-  i-i  ^4 

~  H 

■4 

r~t - 

rJ 

44 


r*tr 


i  :: 

- 


n: 


:!  I.’  ,  .... 

ttrr-rt-.-.T- tH - 


Fail  Indicate  1 


h  I 

—  *1 


:T?  1  *! 

I 


■  1 


::  ki-i 


v 


.  ::i 


~:n 

— 

L.^ 

i  • 

IT: 

:  - 

4- 
. :  : 
,r.. 

1 

- 

■ 1 

i 

j 

■  1 
,T.j 

i;,  1 

i 

I..-* 

L;. 

•4 

4. 4 

ill 

-4- 


. 

r3 

r3 

■n“* 

rtt4 

-4 

ri 

!  .  t  . , -L _ i: .4 

iu. 

- 

; 

i. 

Fail  Indicate  2 

:  ’ 

1 

4 

'-'J 

‘ 

i 

.4 

■  i  1  ■  :  1  i  !  '■ 

■-.T 

-1 

h 

•  44  4:  J  ..j  ... 

- 

■  ';H 

1  :  i  !  '  1  ! 4t4 

i 

L|  dMM 


.  I  i 


I  II! 

■4 4 

Hip 

:  i 


-.irt  i  t  -in  :DJ; 

Figure  26.  Failure  Transients  -  Condition  24 


9/21/83 


0.200  v/div 
0.0375  iu/div 
3  div/sec 


64 


actuator  section  1.  Upon  the  grounding  of  the  input  to  channel  3,  the  actuator 
eection  2  is  al6o  bypassed.  As  shown  on  the  XQUt  trace,  the  actuator  moves  at 
a  constant  rate  to  a  position  4.21  percent  of  the  total  actuator  stroke  from 
the  initial  retract  position.  This  rate  is  approximately  0.18  inch/sec, 
considerably  slower  than  the  nominal  2.5  inches/sec  maximum  slew  rate  for  the 
actuator.  Although  the  actuator  is  moving  in  the  correct  direction  in  response 
to  the  grounding  of  channel  3's  input,  the  rate  of  movement  does  not  reflect  a 
response  to  a  "hardover"  amplitude  input  (which  is  effectively  what  the 
grounding  of  channel  3's  input  with  the  actuator  retracted  is)-  There  is  not 
an  apparent  explanation  for  this  minor  anomoly. 

Figure  28  shows  the  effect  of  grounding  the  inputs  to  channels  1,  2  and  3 
sequentially  with  a  sinusoidal  input  applied  to  all  channels.  The  amplitude  of 
the  nominal  1.5  Hz  sinusoidal  input  signal  is  at  the  maximum  that  can  be 
applied  to  the  system  without  causing  rate  saturation.  The  system  is 
initially  configured  with  channels  1  and  3  active,  channels  2  and  4  ae 
monitor  s . 

As  illustrated  by  Figure  28,  the  failure  logic  detects  the  failures  correctly 
and  transfers  control  from  and/or  bypasses  the  failed  channels  correctly.  For 
the  first  failure,  the  X  t  recording  shows  that  the  transfer  from  channel  1 
control  to  channel  2  takes  0.2  second.  The  transfer  is  a  smooth  amplitude 
deviation  of  0.18  inch  or  about  0.5%  of  the  maximum  actuator  stroke.  The 
bypassing  of  actuator  section  1  upon  the  second  failure  (channel  2's  input) 
appears  to  take  less  time  (0.1  second)  with  less  output  deviation  than  with 
the  first  input  failure.  Note  that  with  both  the  first  and  second  input 
failures,  the  peak  amplitude  of  the  first  half  cycle  of  output  motion 
immediately  after  the  failure  transfer  is  6.7%  less  than  the  peak,  amplitude  cf 
the  motion  before  and  after  the  failure  detection.  However,  there  is  no 
observable  long  term  change  in  the  output  response  to  the  sinusoidal  input 
after  each  of  the  first  two  failures.  The  third  failure  causes  the  system  to 
correctly  bypass  actuator  section  2. 

Figure  29  shows  the  effect  of  applying  +9  volts  sequentially  to  channels  1,  2 
and  3.  The  system  i6  initially  configured  with  channels  1  and  3  as  active 
channels  and  channels  2  and  4  as  monitor  channels.  The  initial  input  of  all 
channels  is  at  zero  volts.  The  +9  volts  is  a  hardover  extend  direction  input 
signal.  This  test  condition  is  uoed  to  evaluate  the  hardover  failure  transients 
with  the  actuator  operating  statically  around  a  null  position. 

As  shown  on  Figure  29,  the  failure  logic  correctly  detects  the  failed  hardover 
inputs  and  transfers  and/or  bypasses  channels.  Upon  the  first  failure  input 
into  channel  1,  the  actuator  output  reGponds  to  the  failure  input  briefly  and 
then  returns  to  the  null  position.  The  output  deviation  amplitude  for  the 
first  failure  is  0.037  inch  or  1.1%  of  the  maximum  actuator  stroke.  The 
duration  of  the  transient  is  lesa  than  0.2  second.  The  response  of  the  system 
to  the  second  input  failure  into  channel  2  is  similar  to  the  response  of  the 
system  to  the  first  failure.  The  amplitude  of  the  failure  transient  is  0.037 
inch  with  a  duration  less  than  0.2  second.  The  system  then  returns  to  a 
position  offset  from  the  initial  null  position  by  0.014  inch.  For  both  the 
first,  and  second  failures  into  an  active  channel,  the  failure  transient  is 
reduced  by  the  actuator  motion  causing  the  "non-f ailed"  active  channel  to  fight 
the  failed  channel.  The  third  input  channel  failure  has  no  other  active  channel 
to  fight  the  actuator  output  deviation  and  the  failure  transient  is  larger  than 
that,  experienced  with  the  first,  two  input  failures. 


The  failure  transient  resulting  from  the  hardover  input  into  channel  3  results 
in  a  deviation  of  0.149  inch  (4.46 %  of  the  maximum  actuator  stroke)  before  the 
section  2  of  the  actuator  is  bypassed.  The  transient  is  simply  the  result  of 
the  actuator  moving  at  maximum  rate  in  response  to  the  hardover  input  until  the 
actuator  section  bypass  occurs.  Note  that  as  shown  on  Figure  29.  the  actuator 
output  exhibits  some  low  amplitude  hunting  (less  than  0.52  amplitude  peak  to 
peak)  after  section  one  of  the  actuation  is  bypassed.  This  is  probably  due  to 
the  particular  threshold  characteristics  of  channel  3  and  the  digital 
processing  at  the  time  of  the  hardover  tests.  The  hunting  does  not  occur  on 
any  other  failure  transient  figures  other  than  the  hardover  tests. 

Figure  30  shows  the  effect  of  sequentially  applying  a  negative  hardover  input 
signal  of  -9  volts  to  the  inputs  of  channel  1,  2  and  3.  The  actuator  is 
initially  at  null  and  configured  with  channel  1  and  3  active,  channels  2  and  4 
as  monitors.  This  test  condition  is  used  to  evaluate  the  hardover  failure 
transients  with  the  actuator  operating  statically  around  a  null  position. 
(Figure  29  showed  the  transients  with  positive  hardover  failures.  Figure  30 
shows  the  transients  with  negative  hardover  failures.) 


As  shown  on  Figure  30,  there  are  only  minor  differences  between  the  system 
response  with  negative  (retract  direction)  hardovers  as  compared  with  the 
previous  test  results  with  positive  hardover  inputs.  Ab  shown  by  the  X  t 
recording,  there  is  no  observable  output  transient  with  the  first  failure.  The 
second  input  failure  into  channel  two  produces  a  null  shift  of  the  actuator 
output  of  0.019  inch  (0.5%  of  the  maximum  actuator  stroke).  As  with  the 
positive  hardover  inputs,  the  actuator  output  exhibits  a  low  amplitude  hunting 
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failure,  the  actuator  moves  0.158  inch  before  actuator  section  2  is  bypassed. 


Figure  31  shows  the  effect  of  applying  a  hardover  +9  volt  step  input 
sequentially  into  channels  1,  2  and  3  with  the  system  operating  with  a 

sinusoidal  input  into  all  channels.  The  system  is  initially  operating  near 
null  and  the  sinusoidal  input  is  a  nominal  1.5  Hz  with  an  amplitude  just  below 
that  which  creates  rate  saturation.  This  test  condition  is  used  to  evaluate 
the  effect  of  extend  direction  hardover  inputs  on  the  system  output  with  the 
system  cycling.  The  system  is  initially  configured  with  channels  1  and  3  active 
and  channels  2  and  4  as  model  channels. 


As  shown  on  Figure  31,  the  failure  logic  correctly  transfers  control  from  the 
"failed"  channels  when  the  hardover  inputs  are  applied.  After  the  third 
failure,  both  halves  of  the  actuator  are  bypassed.  From  the  XQUt  time 
response,  there  is  no  failure  transient  that  can  be  observed.  Note  that  the 
actuator  is  cycling  at  1.31  Hz  at  an  amplitude  of  0.469  inch  peak  to  peak  (or 
13.9%  of  the  maximum  actuator  stroke). 

Figure  32  shows  the  effect  of  applying  a  hardover  -9  volt  step  input 
sequentially  into  channels  1,  2  aod  3  with  the  system  operating  with  a 
sinusoidal  input  into  all  channels.  The  system  is  initially  operating  near 
null  and  the  sinusoidal  input  is  at  a  uominal  1.5  Hz  with  an  amplitude  just 
below  that  which  creates  rate  saturation.  This  test  condition  is  used  to 
evaluate  the  effect  of  retract  direction  hardover  inputs  on  the  system  output 
with  the  system  cycling.  Hie  system  is  initially  configured  with  channels  1 
and  3  active  and  channels  2  and  4  as  models. 
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Figure  32.  Failure  Transients  -  Condition  30 
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As  shown  on  Figure  32,  the  results  of  test  condition  30  are  similar  to  those  of 
test  condition  29  with  the  extend  hardover  failure.  The  failure  logic  again 
correctly  identifies  the  failed  inputs  and  switches  control.  There  is  no 
apparent  change  in  the  Xout  trace  until  application  of  the  retract  hardover 
signal  to  channel  3. 

SPECIFIC  LOADED  TEST  RESULTS 

Figure  33  shows  the  Boeing  actuator  mounted  in  the  GPATR  (General  Purpose 
Actuator  Test  Rig)  for  the  loaaed  tests.  The  load  actuator  is  mounted  at  the 
left  end  of  the  GPATR  frame.  The  center  of  the  GPATR  uses  a  load  cell  mounted 
in  the  center  slide  to  measure  the  force  applied  to  the  test  actuator.  Figure 
34  shows  the  attach  mechanism  used  to  mount  the  test  actuator  in  the  GPATR. 

The  right  end  of  the  test  actuator  is  mounted  to  a  support  slug.  The  support 
slug  is  prevented  from  sliding  in  its  housing  by  a  shear  pin.  The  support  slug 
and  shear  pin  are  designed  to  prevent  damage  to  the  test  actuator.  In  the 
event  that  the  load  actuator  malfunctions  and  applies  a  force  to  the  test 
actuator  which  is  greater  than  the  proof  force  for  which  the  test  actuator  was 
designed,  the  shear  pin  breaks  and  allows  the  tail  stock  of  the  test  actuator 
to  slide  freely.  The  rod  ends  of  the  test  actuator  are  retained  by  pins  which 
are  ground  to  be  a  light  push  fit  into  the  rod  end  bearings. 

In  the  test  results  presented  in  the  following  material,  tesf  conditions  1A 
through  4A  were  tests  with  the  load  system  active  and  commanded  to  "0”  load. 

These  tests  were  used  to  verify  that  the  load  system  static  and  dynamic 
performance  characteristics  would  not  degrade  accuracy  of  the  test  actuator 
performance  measurements.  If  the  test  system  performance  measurements  with  "0" 
commanded  load  were  essentially  unchanged  from  the  measurements  taken  vith  the 
actuator  mounted  out  of  the  load  system,  the  load  system  fidelity  is  judged 
adequate . 

For  the  loaded  test  condition  numbers  with  suffix  "B",  the  load  system  was 
commanded  to  provide  a  linear  spring  rate  load  of  10,000  Ibs/inch  around  the 
actuator  teat  actuator  midstroke  position.  Note  that  the  spring  rate  of  10,000 
lbs/inch  for  load  "B"  provided  a  load  nearly  the  stall  load  of  18,600  lbs  for 
the  test  actuator. 

For  the  loaded  test  condition  numbers  with  suffix  "C",  the  load  system  was 
commanded  to  provide  a  spring  gradient  load  of  5,500  lbs/inch  arcund  the  mid- 
stroke  position.  The  actuator  was  positioned  0.85  inch  from  midstroke,  creating 
a  bia6  load  of  4,67  5  pounds  towards  the  midstroke  position.  Note  that  the  5,500 
lbs/inch  spring  gradient  selected  for  load  "C"  provided  a  load  of  9,295  lbs  to 
the  test  actuator  at  the  maximum  actuator  stroke  of  ±  1.69  inches.  This  load 
is  the  stall  load  for  the  test  actuator  with  one  half  of  the  tandem  actuator 
operating . 

Static  Threshold  at  "011  Load 

Figure  35  shows  the  data  recorded  in  establishing  the  static  threshold  for 
condition  1A.  Note  that  Figure  35  is  similar  to  Figure  5  (the  static  threshold 
data  representing  the  same  measurement  with  the  test  actuator  out  of  the 
GPATR).  Table  7  lists  the  static  threshold  measured  for  conditions  1A,  2A,  3A 
and  4A.  The  thresholds  measured  are  identical  to  the  results  of  the  same  test 
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TABLE  7 

STATIC  THRESHOLD  -  "0"  LOAD 


TEST  ITEM:  Boeing  Re configurable  Fail  Operative  DATE  PREPARED: 
Fly-By-Hire  Servoactuator 

TEST:  Static  Threshold  in  GPATR  with  "O'*  Load 
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with  the  test  ectuator  out  of  the  GPATR  (as  listed  previously  in  Table  2). 
This  verifies  that  the  loading  system  operation  does  not  affect  the  static 
threshold  performance  of  the  tost  system. 

Figure  36  shows  the  data  recorded  in  establishing  the  dynamic  threshold  for 
condition  1A.  The  data  shown  on  Figure  36  is  similar  to  the  data  recorded  for 
condition  1  with  the  test  actuator  operating  in  air.  Table  8  lists  the  dynamic 
threshold  measured  for  conditions  1A,  2A,  JA  and  4A.  The  values  are  identical 
with  the  test  conditions  1  through  4  shown  on  Table  3,  indicating  that  the  load 
system  does  not  affect  the  dynamic  threshold  performance  of  the  the  test 
system . 

Figure  37  is  representative  of  the  frequency  response  test  data  recorded  for 
test  conditions  1A  through  4A.  The  response  is  similar  to  the  data  recorded 
for  test  condition  1  through  4.  As  shown  on  Table  9,  the  frequency  at  which 
the  amplitude  is  attenuated  by  3  dB  is  nominally  3.55  Hz.  This  frequency  is 
nominally  10%  higher  than  that  recorded  for  similar  test  conditions  1  through  4 
(reference  Table  4).  The  frequency  at  which  the  phase  lag  of  90°  occurs  for 
test  conditions  1A  through  4A  is  3.65  Hz.  This  is  nominally  10%  lower  than 
that  measured  for  test  conditions  1  through  4  (reference  Table  4).  The  load 
system  commanded  to  "0"  load  does  affect  the  frequency  response  performance  of 
the  test  actuator  slightly.  Ttse  effect  is  a  slight  improvement  in  the 
amplitude  response  and  a  slight  decrease  in  the  phase  response  characteristics, 
neither  of  which  is  judged  significant  enough  to  invalidate  the  frequency 
response  measurements  of  the  teat  system  under  loaded  conditions. 

Figure  38  ie  representative  of  the  hysteresis  test  data  recorded  for  teet 
conditions  1A  through  4A.  Note  that  the  data  recorded  on  Figure  38  is  very 
similar  to  the  data  presented  on  Figure  8  for  test  condition  1.  There  is  a 
non-coincidence  of  the  output  to  input  plot  recorded  for  the  two  directions  at 
specific  input  voltage  levels.  As  shown  on  Table  10,  the  levels  of  hysteresis 
reflect  the  average  separation  at  the  different  input  levels.  These  values 
agree  with  those  measured  ou  the  test  actuator  for  test  conditions  1  through  4 
(reference  Table  5).  Connecting  the  load  system  with  a  "0"  commanded  load  did 
not  create  a  measureable  change  in  the  hysteresis  performance  of  the  test 
actuator . 

Figure  39  is  representative  of  the  saturation  velocity  data  recorded  for  test 
conditions  1A  through  4A.  The  data  shown  on  Figure  39  i6  similar  to  that  shewn 
on  Figure  11  for  test  condition  1.  Table  11  lists  saturation  velocities  for 
test  conditions  1A  through  4A.  The  velocity  is  nominally  20%  less  than  that 
listed  in  Table  6  for  test  cond.’.tions  1  through  4.  The  reduction  in  saturation 
velocity  with  a  "0"  commanded  load  reflects  the  affect  of  the  load  pressure 
applied  to  the  test  actuator  by  the  load  system  tracking  the  test  actuator. 
(Some  minimum  load  is  inherent  with  the  load  system  in  order  to  generate  the 
error  signal  which  opens  the  load  system's  control  valve  when  tracking  the 
maximum  velocity  of  the  test  actuator.)  This  percent  reduction  in  saturated 
rate  reduction  will  not  affect  the  loaded  test  results  for  the  test  actuator. 
Most  of  the  test  conditions  applied  to  the  test  system  maintain  the  actuator 
rate  well  below  saturation  where  little  error  signal  is  required  for  the  load 
system  to  track  the  velocity  level  of  the  test  actuator.  The  principal  effect 
would  be  on  hardover  failure  transients  where  the  reduction  in  saturated 
velocity  would  potentially  reduce  the  amplitude  of  the  failure  transients. 
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TABLE  9 

FBEQD8HCT  RES FOSSE  -  "0"  LOAD 


TEST  ITEM:  Boeing  Reconfigurable  Fail  Operative  BATE  PBEFARED:  9/23/83 

Fly-By-Wire  Servoactuator 

TEST,  Frequency  Response  in  GPATR  with  "0"  Load 
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TABLE  10 

HYSTERESIS  -  ”0"  LOAD 


TEST  ITEM:  Boeing  Re configurable  Fail  Operative  DATE  PREPARED:  9/ 23/ 83 
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Figure  40  is  a  plot  of  the  output  to  input  linearity  for  teat  condition  1A. 
This  is  identical  to  Figure  12  for  test  condition  1,  indicating  the  load  system 
commanded  to  "0"  load  does  not  affect  tho  linearity  performance  of  the  test 
system. 

Figure  41  shove  the  reponse  of  the  test  actuator  to  a  10%  of  full  scale  input 
for  test  conditions  1A  and  2A.  The  step  response  is  very  similar  to  that  shown 
on  Figure  13  for  test  conditions  1  and  2.  The  only  me&sureable  difference  ic  a 
slight  change  in  the  slope  of  the  straight  line  motion  of  the  test  actuator  as 
it  initially  moves  at  maximum  rate  in  response  to  the  step  input  command.  The 
elope  is  about  10%  less  for  test  conditions  1A  as  compared  to  condition 
1.  This  change  is  consistent  with  the  saturated  rate  change  measured 
previously.  Figure  42  showing  the  step  response  for  condi  tions  3A  and  4A  is 
similar  to  Figure  14.  Note  that  the  initial  response  characteristic  to  the 
step  input  for  the  extend  motion  as  shown  on  both  Figure  42  and  14  is  a  small 
movement  in  the  retract  direction.  This  characteristic  is  unchanged  by  the 
GPATR  "0"  load  operation. 


Static  Threshold  at  Loads  B  and  C 

Figure  43  shows  the  data  recorded  in  establishing  the  static  threshold  for 
condition  IB.  Figure  44  shows  the  data  recorded  in  establishing  the  static 
threshold  for  condition  1C.  The  two  figures  are  similar  and  resemble  Figure  5 
for  the  unloaded  condition  1.  (Note  that  the  X_ut  scale  on  Figure  44  is  2.5 
times  the  same  scale  as  used  on  the  other  two  figures.)  The  noise  content  of 
the  output  signal  for  both  load  conditions  B  and  C  iB  0.004  inch  peak  to  peak. 
This  is  the  same  noise  amplitude  as  measured  for  the  unloaded  conditions. 
Table  12  lists  the  static  threshold  measured  for  the  B  load  test  conditions. 
Table  13  lists  the  static  threshold  measured  for  the  C  load  test  conditions. 
Note  that  on  Table  12,  the  threshold  measured  for  conditions  IB  through  4B  are 
identical.  This  is  also  true  for  conditions  1C  through  4C  listed  on  Table  13. 
This  characteristic  could  be  expected  since  the  test  conditions  are  just  a 
reassignment  of  the  model  and  active  roles  between  the  channels. 

Test  conditions  9B  and  11B  are  with  half  the  test  actuator  operational  and  the 
other  half  bypassed.  In  both  cases  there  is  an  increase  in  the  measured  static 
threshold  of  about  50%.  The  threshold  increase  is  similar  to  that  measured  on 
the  unloaded  actuator  for  the  same  test  conditions.  Note  that  the  load 
condition  B  provides  zero  load  at  null.  For  small  displacements  around  the 
null  condition  B  generates  only  small  loads  compared  to  the  force  output  of  the 
test  actuator.  Therefore  many  of  the  measurements  for  load  B  will  be  similar 
to  those  for  the  unloaded  test  actuator.  The  increase  in  threshold  with  one 
half  of  the  actuator  operating  is  probably  due  to  the  reduction  in  actuator 
force  gain  compared  to  the  actuator  seal  friction  as  compared  to  having  both 
halves  of  the  actuator  operating.  Test  conditions  14B,  15B  and  16B  are  a 
reflection  of  different  bias  conditions  for  the  two  sections  of  the  actuator. 
The  changes  in  static  threshold  for  these  te6t  conditions  as  shown  on  Table  12 
simply  show  the  dependency  of  the  threshold  performance  on  channel  matching. 
The  bias  changes  vary  the  threshold  from  66%  to  166%  cf  the  threshold  value 
with  no  bias  applied. 

Test  conditions  1C  through  4C  show  an  increase  of  threshold  nominally  tv  >  times 
the  unloaded  static  threshold.  This  is  consistent  with  the  test  actuator 
holding  a  load.  The  load  across  the  actuator  drive  pistons  increases  the 
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Figure  43.  Static  Threshold  -  Condition  IB 
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Figure  44.  Static  Threshold  -  Condition  1C 
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STATIC  THRESHOLD  -  "8"  LOAD 


TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  CATE  PREPARED 
Fly-By-Wire  Servoactuator 

TEST:  Static  Threshold  in  GPATR  with  "B"  Load 


Test 

1  1 

1  1 

Stati c 

Threehold 

Condition 

1  Pk  to  Pk  1 

!  Input  Volts  1 

1  1 

%  of  Max  Input 

1 
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1 

%  of 
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1 
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0 
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3B 
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1 
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0 
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1 

I 
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|  | 

0.111 
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I 

1 

1  IB 
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1 
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1 

14B 

1  I 
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|  | 
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1 

1 

1 

1 

153 
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1 

1 

1 

16B 
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TABLE  13 

STATIC  THRESHOLD  -  "C"  LOAD 

TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE  PREPARED:  10  imi 

Fly-By-Wire  Servoactuator 

TEST:  Static  Threshold  in  GPATR  with  "C"  Load 


Test 

Condition 

1 

! 

1  Pk  to  Pk 

j  Input  Volts 

1 

1 

1 

1 

1 

1 

Static 

%  of  Max  Input 

Threshold 

1 

1  2  of  E  Max 

1 

1C 

1 

1 

1 
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0.277 

1 

1 

1 

3.125 
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0.0  50 

1 

1 

i 

0.277 
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3C 
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| 
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i 

0.277 
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1 

1 
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4C 
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1 

| 

0.040 

1 

1 
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1 

1 

| 
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9C 

1 

1 

1 

0.070 
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1 

I 

0.388 

l 
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I 

4.375 

11C 
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1 
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0.050 
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1 

1 

1 
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16C 

1 
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J _ 
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1 .000 

I 

_j _ 
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friction  of  the  piston  seals,  increasing  the  threshold  value.  The  threshold 
measured  for  conditions  9C  and  liC  with  one  half  of  the  actuator  operating  show 
changes  from  the  threshold  of  test  conditions  1C  through  4C.  The  percent 
increases  are  similar  to  those  of  the  unloaded  test  conditions  (reference  Table 
2).  The  test  conditions  14C  through  16C  as  shown  on  Table  13  show  that  bias 
can  vary  the  threshold  measurement.  For  this  load,  the  bias  conditions  all 
generate  thresholds  somewhat  larger  than  that  measured  with  no  applied  bias. 

From  these  measurements  of  static  threshold,  it  i6  apparent  that  the 
symmetrical  load  condition  B  does  not  greatly  increase  the  static  threshold. 
(All  threshold  yalues  are  less  than  0.122  of  maximum  input  and  less  than  }  252 
of  the  input  for  maximum  servovalve  spool  stroke.)  The  effect  of  the  bias  .oad 
C  is  to  inctease  the  threshold  by  nominally  902.  However,  the  static  threshold 
values  still  remain  less  0.200  percent  of  maximum  input  for  all  the  load  C 
test  conditions  used. 


Dynamic  Threshold  at  Loads  B  and  C 

Figure  43  shows  the  data  recorded  in  establishing  the  dynamic  threshold  for 
condition  IB.  Mote  that  as  with  the  unloaded  tests,  the  test  actuator  output 
moves  at  the  nominal  2  Hz  input  frequency  but  does  not  track  the  input 
amplitude  change  until  some  minimum  input  amplitude  is  reached.  This  figure 
is  similar  to  Figure  6  for  unloaded  condition  1. 

Figure  46  shows  the  data  recorded  for  establishing  the  dynamic  threshold  for 
condition  1C,  Note  that  the  scale  is  half  as  sensitive  on  this  figure  as 

on  Figure  45.  The  effect  of  the  load  C  is  to  suppress  somewhat  (compared  to 
unloaded  or  load  C  conditions)  the  sinusoidal  hunting  before  the  output  tracks 
the  input  amplitude. 

Table  14  lists  the  dynamic  threshold  measured  on  the  test  actuator  for  load 
condition  B.  The  measurement  values  are  very  similar  to  those  shown  on  Table  3 
for  the  unloaded  measurements.  (The  similarity  is  expected  Bince  load  B 
provides  only  small  loads  with  smell  motions  around  the  centered  actuator 
position.)  The  values  for  conditions  IB  through  4B  are  almost  identical  with 
each  other,  as  expected.  The  loss  of  one  half  cf  the  actuator  (test  conditions 
9B  and  11B)  results  in  a  negligible  change  in  the  dynamic  threshold.  Test 

condition  14B  and  16B  show  bias  conditions  which  reduce  the  dynamic  threshold 
value  nominally  252  from  that  measured  by  no  biaB  test  conoitions  IB  through 
4B.  (These  bias  conditions  reduce  the  servovalve  force  fight  and  improve  the 
email  signal  dynamic  performance.)  Note  that  for  all  test  conditions  the 
dynamic  threshold  input  does  not  exceed  0.502  of  the  maximum  command  input  (or 
the  corresponding  11.242  of  the  input  to  achieve  maximum  spool  stroke). 

Table  15  lists  the  dynamic  threshold  measured  on  the  test  actuator  for  load 
condition  C.  As  stated  previously,  this  load  creates  a  bias  load  of  4.675 
pounds  towards  the  aidstroke  position  (baBed  upon  th  5,500  lbs/inch  gradient 
and  the  G.85  inch  steady  state  position  of  the  actuator  from  the  midstroke 
position).  With  the  actuator  holding  a  load,  the  increase  in  internal  seal 
friction  of  the  actuator  due  the  cylinder  presaaure  changes  would  increase  the 
actuator  friction  and  the  dynamic  threshold.  Comparing  the  Table  13's  dynamic 
threshold  for  conditions  1C  through  4C  to  corresponding  test  conditions  1 
through  4  on  Table  3  show  this  effect.  The  dynamic  threshold  for  load  C  is 
nominally  twice  that  for  the  unloaded  conditions.  As  with  load  condition  B, 
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TABLE  14 

DYHAM1C  THRESHOLD  -  "B"  LOAD 


TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE  PREPARED:  10. 

Fly-By-Wire  Servoactustor 

TEST:  Dynamic  Threshold  in  GPATR  with  "B"  Load 


Condition 

1  Pk  to  Pk 

1  Input  Volts 

IB 

1 

1  0.070 
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2B 
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3B 
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1  0.075 
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4B 
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9B 
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1 
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1  0.053 

Dynamic  Threshold 

I 

%  of  Max  Input  I  %  ■ 
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0.833 
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1.000 
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%  of  Ey  Max 
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7.50 
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7.18 
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6.56 
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TABLE  IS 

UTEAMIC  THRESHOLD  -  "C“  LOAD 


TEST  ITEM:  Boeing  Re  configurable  Fail  Operative 
Fly-By-Wire  Servouctuator 

TEST:  Dynamic  Threshold  in  GPATR  with  "C"  Load 


DATE  PREPARED:  10/3/ 83 


there  is  very  little  chang'-  *,  tib  test  conditions  9C  and  11C  with  one  half  of 
the  actuator  bypassed,  T  _  effect  of  the  bias  variations  of  test  conditions 
14C,  15C  and  16C  i6  that  tesk  condition  15C  j.ncreases  the  dynamic  threshold  to 

twice  that  when  no  bias  is  applied.  The  biases  used  for  test  conditions  14C  and 
16C  show  little  change  from  the  no  bias  conditions.  This  effect  is  similar  to 
that  experienced  with  load  conditions  B.  The  worst  condition  dynamic  threshold 
experienced  with  load  C  yielded  a  value  of  1.25%  of  the  maximum  input. 

The  effect  of  the  bias  load  of  load  C  is  to  increase  the  dynamic  threshold 
compared  to  the  unloaded  or  load  condition  B.  Load  condition  B  increases  the 
dynamic  threshold  very  little  over  the  unloaded  case  for  similar  test 
conditions . 


Frequency  Response  at  Loads  B  and 


C 


Figure  47  shows  the  frequency  response  data  for  test  condition  IB.  Note  the 
slight  amplitude  peaking  (about  1  dB)  at  1.6  Hz.  This  is  a  change  from  the 
unloaded  response  teste  which  exhibited  no  peaking  (reference  Figure  7)  and  the 
"0"  load  tests  which  exhibited  0.25  dB  peaking  (reference  Figure  37). 


Figure  48  shows  the  frequency  response  data  for  teat  condition  1C.  Note  that 
the  amplitude  peaking  is  negligible  (resembling  the  "0"  load  results  of  Figure 
37.)  The  increased  internal  6eal  friction  due  to  the  bias  load  may  attenuate 
the  response  peaking  by  increasing  the  damping  of  the  actuator  motion. 


Table  16  lists  the  frequency  response  test  results  for  the  test  conditions  run 
with  load  B.  The  test:  results  reflect  the  effect  of  the  amplitude  peaking.  For 
the  test  conditions  IB  through  4b,  the  -3  dB  frequency  occurs  at  0.3  to  0.9  Hr 
higher  than  for  the  corresponding  unloaded  test  condition  (reference  Table  3). 
The  -3  dB  frequency  occurs  0.15  to  0.4  Hz  higher  than  the  ’’O1'  load  conditions 
1A  through  4A.  While  the  amplitude  response  "improved"  with  load  B,  the 
frequency  at  rhich  the  -90°  phase  angle  occurs  decreased  for  all  the  load  B 
test  conditions.  The  frequencies  decrease  varied  from  0.7  Hz  to  0.0  Hz. 


Nr'.e  that  as  listed  on  Table  16,  test  conditions  9B  and  11B  with  one  half  the 
actuator  operating  reduces  Loth  the  -3  dB  and  -90°  frequencies  about  10%  from 
those  of  the  test  conditions  13  through  4B.  This  is  consistent  with  the  flow 
gain  of  the  control  valves  being  reduced  more  by  a  given  lead  with  one  section 
than  with  the  same  lead  being  shared  by  both  halves  of  the  actuator. 

Test  conditions  14B  through  16B  show  a  minor  effect  of  control  section  bias 
changes  on  frequency  response.  There  is  a  nominal  0.45  Hz  range  change  in  the 
-3  dB  and  -90°  frequencies. 


Table  17  lists  the  frequency  response  measured  for  the  test  conditions  with 
load  C.  For  all  test  conditions  with  load  C,  the  -3  dB  and  -90°  frequencies 
are  from  0.3  to  1.15  Hz  lower  than  that  measured  with  the  test  actuator 
unloaded  (reference  Table  4).  This  is  expected  since  the  effect  of  the  bia6 
load  is  to  reduce  the  flow  gain  of  the  servovalves  in  responding  to  the  command 
inputs  (in  one  direction  of  motion).  The  frequencies  at  which  -3  dB  and  -90 
for  test  conditions  1C  through  4C  are  similar  (aa  expected  since  the  test 
conditions  are  a  reassignment  of  the  active  and  model  roles).  The  effect  cf 
running  only  one  half  of  the  test  actuator  (test  conditions  9C  and  11C)  is  to 
reduce  the  frequency  at  which  -3  dB  occurs  from  3.00  Hz  with  both  halves  of  the 
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TABLE  16 

FKEQUSaCT  RESPONSE  -  "B"  LOAD 


TEST  ITEM:  Boeing  Reconf igurable  Fail  Operative  DATE  PREPARED:  10/3/83 

Fly-By-Wire  Servoactuttor 

TEST:  Frequency  Response  in  GPATR  with  "B"  Load 
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TABLE  17 

riKQUEBCY  &E6P0H8E  -  "C"  LOAD 


TEST  ITEM:  Seeing  Re configurable  Fail  Operative  DATE  PREPARED:  10/3/83 

Fly-By-Wire  Servoactuator 

TEST:  Frequency  Response  in  GPATR  with  "C"  Load 
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16C  1 

2.55 
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1  _ 

actuator  operating  to  nominally  2  Hz.  This,  is  consistent  with  the  reduced  flow 
gain  from  the  servovalve  when  the  load  is  carried  by  half  of  the  actuator.  The 
effect  of  the  changing  bias  conditions  14C,  15C  and  16C  show  some  effect  on  the 
frequency  response,  with  the  bias  condition  14C  giving  the  best  frequency 
response  of  the  three  conditions.  This  response  was  an  improvement  over  the 
"no  bias"  conditions  1C  through  4C. 

Load  C  degraded  the  frequency  response  more  than  load  B.  Both  load  conditions 
reduced  the  frequency  response  from  that  of  the  unloaded  test  conditions.  The 
reduction  in  frequency  response  can  be  attributed  to  the  reduction  of  flow  gain 
with  actuator  load  that  occurs  with  any  actuator  system  which  uses  sharp  edged 
control  valves  to  meter  flow  to  the  actuator  drive  area. 


Hysteresis  at  Loads  B  and 


C 


Figure  49  shows  the  test  data  taken  for  the  hysteresis  measurement  with  te8t 
condition  IB.  Note  the  separation  located  near  the  zero  input  point.  Load  B  is 
a  symmetrical  spring  load  on  the  control  actuator.  Therefore,  as  the  actuator 
moves  through  null  (midstroke),  the  load  on  the  actuator  reverses.  In  order  to 
move  the  actuator  against  the  load,  the  active  channels  must  be  commanded  with 
an  input  amplitude  sufficient  to  drive  the  channels  out  of  the  force  fight 
channel  mismatch.  Where  the  load  reverses,  the  polarity  of  the  input  amplitude 
which  overcomes  the  force  fight  must  also  change.  The  combination  of  the 
active  channels  with  a  force  fight  and  the  reversing  load  on  the  actuator 


results  in  the  type  of  hysteresis  plot  illustrated  by  Figure  49. 
input  levels  less  than  -0.363  volt  and  greater  than  +0.363  volt, 
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low  amplitude  hunting  and  no  general  separation. 


The  effect  of  load  C  on  the  hysteresis  measurement  is  shown  on  Figure  50.  Note 
that  the  hysteresis  plot  shows  larger  amplitude  hunting  than  the  unloaded  plot 
of  Figure  8.  Since  the  load  on  the  test  actuator  is  primarily  a  bias  load 
towards  midstroke  of  the  actuator,  there  is  no  load  reversal  during  the  data 
taken  for  Figure  50  and  no  corresponding  opening  of  the  hysteresis  loop.  The 
primary  effect  of  the  load  of  condition  1C  is  to  increase  the  amplitude  of  the 
hunting  compared  to  the  unloaded  condition  1. 


Table  18  lists  the  hysteresis  measured  for  the  test  conditions  with  load  B. 
Note  that  for  test  conditions  IB  through  4B  the  hysteresis  measures  0.6%  of  the 
maximum  input,  a  value  10  times  that  of  the  corresponding  unloaded  test 
conditions  1  chrough  4  (reference  Table  5).  Test  conditions  9C  and  11C  with 
one  half  of  the  actuator  bypassed  have  reduce  hysteresis.  This  is  consistent 
with  the  elimination  of  the  force  fight  condition  when  only  one  half  of  the 
actuator  is  operating.  Test  condition  14C  also  has  a  low  hysteresis 
measurement.  Since  this  test  condition  is  one  of  the  varying  bias  conditions, 
and  bias  changes  change  the  force  fight,  the  results  ox  test  condition  14C  are 
consistent.  The  other  two  bias  te6t  conditions  15B  and  16B  result  in  an 
increase  and  a  decrease  from  the  test  conditions  1C  through  -t-C  with  normal 
bias . 


Table  19  lists  the  hysteresis  measured  for  the  test  conditions  with  load  C. 
The  hysteresis  listed  for  all  test  conditions  is  0.4%  of  the  full  scale  input. 
This  value  is  less  than  that  for  the  B  load  conditions.  However,  the  values 
represent  the  nominal  "non-coincidence"  of  the  output  position  for  the  same 
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Figure  50.  Hysteresis  -  Condition  1C 
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,  TABLE  18 

|  HYSTERESIS  -  "ft"  LOAD 

|  TEST  ITEM:  Boeing  Re  configurable  Fail  Operative  BATE  PREPARED:  10/3/83 

|  Fly-By'VJire  Servoactuator 

• 

J  TEST:  Hysteresis  ia  GPATR  with  "B"  Load 
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TABLE  19 

ETBTESSS18  -  "C"  LOAD 


TEST  ITEM:  Boeing  Re  configurable  Feil  Operative  DATE  PF.SPARBD :  10/ 3/  83 

Fly-By-Wire  Servoactuator 


TEST:  Hysteresis  in  GPATR  with  "C"  Load 


input  level.  The  hunting  is  similar  for  all  the  load  C  test  conditions  which 
yields  the  same  hysteresis  value. 

The  general  effect  on  hysteresis  of  loading  the  test  actuator  is  to  increase 
the  value  by  6  to  10  times  that  of  the  unloaded  actuator.  Bias  loads  increase 
the  hysteresis  less  than  symmetrical  loads.  The  bias  load  creates  a  low 
amplitude  hunting  motion  of  the  test  actuator  while  the  symmetrical  loads 
create  an  "open"  hysteresis  loop  around  zero  input  and  load  reversal.  The 
maximum  hysteresis  for  any  test  condition  with  load  B  or  C  is  less  than  or 
equal  to  0.6  percent  of  the  maximum  input  to  the  test  actuator. 


Failure  Transients  with  Loads  and  C 

Figure  51  is  the  time  history  plot  of  the  input  and  output  characteristics  of 
the  test  system  with  a  slowover  ramp  input  sequentially  applied  to  the  inputs 
with  load  B,  The  ramp  is  applied  to  channels  lp  2  and  3  in  order.  The  system 
is  configured  initially  with  channels  1  and  3  active,  and  2  and  4  as  models. 
The  number  of  counts  before  a  "failed"  channel  which  has  corrected  itself  couid 
be  voted  "good"  and  used  again  was  increased  enough  to  prevent  the  "good"  vote. 

As  shown  on  Figure  51,  the  ramp  input  into  channel  1  causes  the  output  to  track 
the  ramp  input  up  to  the  failure  detection  level.  The  .utput  change  is  0.83% 
of  the  total  stroke.  Upon  detection  of  the  failure,  control  of  actuator 
section  1  is  transferred  to  channel  2  and  the  actuator  moves  back  to  the  null 
output  position.  The  return  motion  overshoots  by  0.56%  of  the  total  stroke  and 
then  returns  to  null.  Note  that  actuator  section  2  opposes  section  1  8 
response  to  the  ramp  input,  minimizing  the  output  motion.  Upon  the  application 
of  the  slowover  ramp  input  to  channel  2,  section  1  of  the  actuator  is  declared 
failed  and  bypassed.  The  actuator  initially  moves  0.83%  of  the  total  Btroke  in 
response  to  the  ramp  input  before  a  failure  is  declared  and  section  1  of  the 
actuator  bypassed.  After  the  application  of  the  ramp  input  to  channel  3,  the 
actuator  moves  2.8%  of  the  total  actuator  stroke  in  response  to  the  input 
before  a  failure  is  declared.  This  movement  is  greater  than  that  measured 
after  the  first  and  second  failure  inputs.  The  greater  movement  reflects  that 
with  section  1  bypassed,  there  is  no  other  actuator  section  opposing  section 
2's  response  to  the  ramp  input.  The  motion  after  the  third  input  failure  is  a 
result  of  the  load  system  moving  the  actuator  output  to  its  "zero  force" 
position. 

Figure  52  shows  the  same  input  sequence  as  used  for  Figure  51.  For  Figure  52, 
load  C  is  used.  Note  that  the  scale  used  on  the  Xout  trace  for  Figure  52  is  one 
quarter  of  the  scale  on  Figure  51.  The  actuator  output  change  before  detection 
of  the  first  failure  (with  channel  1  input  ramp)  ifi  1.66%  of  the  total  actuator 
stroke.  The  actuator  change  before  detection  of  the  second  failure  is  1%  of  the 
total  actuator  stroke.  After  the  third  failure,  the  test  system  actuator  is 
bypassed  and  driven  to  the  "zero  force"  or  null  condition  of  the  load  actuator. 

The  effect  of  the  load  conditions  on  failure  transients  resulting  from 
"slowover"  failures  is  not  significant.  The  amplitude  of  the  failure  transient 
resulting  from  the  slowover  input  into  channel  2  for  Condition  22  is  2.2%  of 
the  maximum  actuator  stroke.  The  loaded  test  condition  transients  resulting 
from  the  same  input  failures  are  0.83%  for  load  condition  E  and  1%  for  load 
condition  C.  Note  that  the  unloaded  test  Condition  22  transient  appears  as 
primarily  a  null  shift  with  the  bypassing  of  actuator  section  1.  The  actuator 
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output  does  not  appear  to  respond  at  all  to  the  failure  ramp  input.  With  a 
load  applied,  the  output  does  respond  to  the  failure  input.  This  difference  in 
transient  characteristic  is  probably  due  to  the  applied  load  forcing  teat 
system  out  of  the  force  fight  deadband  (in  ort  .r  to  hold  the  applied  loads). 

Figure  53  shows  the  effect  of  applying  a  ramp  input  of  0.4  volt/second 
sequentially  to  channels  1,  2  and  3  with  the  system  operating  with  a  sinusoidal 
input  into  all  channels  and  with  load  B  applied.  The  amplitude  of  the  nominal 
1.5  Hz  sinusoidal  signal  is  at  the  maximum  input  at  that  frequency  without 
causing  rate  saturation.  The  principal  effect  of  the  failure  is  a  null  shift 
of  2.2%  of  the  maximum  actuator  stroke  when  section  1  of  the  actuator  i6 
bypassed. 

Figure  54  shows  the  effect  applying  a  ramp  input  of  0.4  volt/second 
sequentially  to  channels  1,  2  and  3  with  the  system  operating  with  a  sinusoidal 
input  into  all  channels  pud  with  load  C  applied.  Note  that  the  scale  on  XQ  is 
1/5  of  that  uaed  on  Figure  53  in  order  to  include  the  output  mctioD  trace  after 
application  of  the  third  slowovei  failure  into  cnannel  3,  Note  that  the  test 
actuator  output  moves  tc  the  load  actuator  "zero  load"  position  after  both  test 
actuator  sections  are  bypassed.  The  limited  amplitude  of  the  test  actuator 
response  prior  to  the  bypassing  both  sections  is  due  to  the  chart  recorder  pen 
operating  at  the  edge  of  the  brush  recorder  strip  chart. 

The  slowover  transient  effects  of  Figures  53  an  54  are  very  similar  to  those 
shown  on  Figure  25  for  no  load  conditions.  The  load  effects  of  load  B  and  C  on 
the  slowover  failure  transients  while  the  test  actuator  is  operating 
dynamically  appear  insignificant. 

Figure  55  i6  a  time  response  of  the  test  system  with  the  output  initially  at  50% 
extend  (0.85  inch  from  null  in  the  opposite  direction  from  the  normal  "C"  load) 
with  th?  load  C  spring  gradient. 

As  shown  on  Figure  55,  the  first  and  second  input  failures  create  an  output 
failure  transient  which  lasts  for  200  milliseconds.  The  output  deviation  ampli¬ 
tude  is  1%  of  the  maximum  stroke  for  the  channel  1  input  failure.  The  output 
deviation  amplitude  for  the  second  input  failure  (channel  2)  which  causes 
bypassing  of  section  1  is  1.5%  of  the  maximum  stroke.  Thi6  second  failure 
leaves  actuator  section  2  to  hold  the  load.  Upon  the  third  input  failure  into 
channel  3,  section  2  of  the  test  actuator  is  also  bypassed.  This  allows  the 
load  system  to  drive  the  test  actuator  to  the  load  system's  force  null.  Note 
that  there  is  no  observable  null  6hift  between  the  commanded  position  of  the 
test  actuator  before  and  after  failures.  The  negligible  null  shift  reflects  the 
effect  of  the  bias  load  requiring  both  control  channels  to  operate  together  out 
of  the  force  fight  region  in  order  to  hold  the  load. 

Figure  56  shows  the  effect  of  grounding  the  inputs  to  channels  1,  2  and  3 
sequentially  with  a  sinusoidal  input  applied  to  all  channels.  Load  B  is  applied 
to  the  test  actuator.  These  results  are  similar  to  the  unloaded  actuator  test 
results  for  condition  26  (reference  Figure  28).  There  is  a  peak  amplitude  loss 
of  1%  during  the  transition  from  one  operating  mode  to  another.  There  is  a  null 
shift  of  0.8%  of  maximum  actuator  stroke  between  the  operating  modes. 

Figure  57  shows  the  came  failure  test  sequence  for  the  inputs  as  used  for 
Figure  56.  The  load  condition  for  the  test  results  shown  on  Figure  57  was  load 
C.  Note  that  the  XQut  scale  shown  on  this  figure  is  1/5  that  of  Figure  56.  The 
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failure  transients  are  waveform  distortions  during  the  200  millisecond 
detection  and  transfer  time.  The  amplitude  of  the  failure  transients  is  2.8% 
of  the  maximum  output  stroke  and  consists  of  the  failure  of  the  output  to  track 
the  sinusoidal  input  during  the  200  millisecond  detection  and  transfer  period. 

Figure  58  ehow6  the  effect  of  sequentially  applying  a  positive  hardover  input 
signal  of  +9  volte  to  the  inputs  of  channels  1,  2  and  3  with  load  3  applied  to 
the  system.  The  failure  transient  amplitude  for  the  first  failure  into  channel 
1  is  1.1%  of  the  maximum  actuator  stroke.  The  transient  duration  is  the  200 
milliseconds.  The  same  effect  occurs  for  the  second  hardover  input  failure 
into  channel  2.  After  the  second  failure  and  the  bypassing  of  section  1  of  the 
actuator,  the  actuator  output  position  exhibits  a  small  amplitude  hunting.  Upon 
application  of  the  third  input  failure,  the  actuator  output  follows  the  input 
up  to  a  position  change  of  4.4%  of  the  maximum  actuator  stroke.  At  that  point, 
the  actuator  is  bypassed  and  i6  driven  to  the  null  force  position  of  the  load 
actuator.  The  results  are  similar  to  the  test  results  for  the  unloaded 
actuator  (reference  Figure  30). 

Figure  59  shows  the  effect  of  sequentially  applying  a  positive  hardover  input 
signal  of  +9  volts  to  the  inputs  of  channels  1,  2  and  3  with  load  C  applied  to 
the  system.  Note  that  the  amplitude  scale  on  this  figure  is  1/4  that  of  Figure 
58  iu  order  to  show  the  fiual  position  of  the  test  actuator  after  the  third 
failure.  The  output  transient  resulting  from  the  channel  1  input  failure  is  not 
detectable  on  Figure  59.  The  output  trans  ent  for  the  second  input  failure 
consists  of  a  position  shift  of  1%  of  the  m  ximum  actuator  position  to  a  new 
position.  The  third  input,  failure  causes  the  test  actuator  to  bypass,  and 
allows  the  load  actuator  to  drive  it  to  a  position  where  no  load  force  is 
applied. 

Figure  69  shows  the  effect  of  sequentially  applying  a  negative  hardover  input 
signal  of  -9  volts  to  the  inputs  of  channels  1,  2  and  3  with  load  B  applied  to 
the  test  actuator.  The  amplitude  of  the  failure  transients  for  the  first  and 
second  input  failures  are  lower  than  those  resulting  from  the  +9  volts  hardover 
input  failures.  This  is  probably  a  reflection  of  the  section  1  and  2  force 
fight  and  the  input  necessary  to  have  the  two  sections  move  together. 

Figure  61  ohows  the  effect  of  sequentially  applying  a  negative  hardover  input 
signal  of  -9  volts  to  the  inputs  of  channels  1,  2  and  3  with  load  C  applied. 
The  transient  output  deviations  are  limited  to  1%  of  the  maximum  actuator 
stroke.  These  deviations  are  greater  than  that  measured  with  positive  hardover 
input  failures  under  the  same  load  conditions  (reference  Figure  59). 

Figure  62  shows  the  effect  of  applying  an  extend  hardover  input  of  +9  volts 
sequentially  to  inputs  1,  2  and  3  with  the  system  operating  with  a  1.5  Hz  input 
signal  and  under  load  B.  Figure  63  ha6  the  same  input  and  failure  sequence 
with  the  load  C  applied.  The  load  in  both  figures  has  little  effect  on  the 
output  motion  of  the  test  system.  The  test  system  fails  to  track  the  1.5  Hz 
input  signal  for  about  200  milliseconds,  resulting  in  a  position  error  of  1%  or 
leas . 


Figure  64  shows  the  effect  of  applying  a  retract  hardover  input  signal  of  -9 
volts  sequentially  to  inputs  1,  2  and  3  with  the  system  operating  with  a  1.5  Hz 
input  at  just  below  rate  saturation.  For  this  test,  load  B  was  applied  to  the 
test  actuator.  Figure  65  ahow6  the  same  input  te6t  with  load  C  applied  to  the 
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Figure  60.  Failure  Transients  -  Condition  28B 
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|  test  actuator.  The  results  are  similar  to  those  obtained  with  the  extend 

l  hardover  input  (reference  Figures  62  and  63).  The  output  tracks  the  sinusoidal 

'  input  until  the  third  input  failure  is  applied.  The  primary  effect  of  the 

failed  iuputs  is  a  failure  of  the  output  to  track  the  input  for  the  200 
J  milliseconds  required  for  failure  detection  and  correction. 

From  the  analysis  of  Figures  56  through  65*  it  appears  that  the  effect  of  load 
conditions  B  and  C  ou  the  failure  transients  ia  not  significant.  The  devia¬ 
tions  are  greatest  with  load  C.  The  greatest  amplitude  deviation  is  less  than 
3%  of  the  maximum  output  stroke  and  occurs  with  load  C. 

DISTORT I  OB  (OOTPOT/  LSPOT  FIDELITY)  TEST  RESULTS 

General 

The  waveform  recordings  in  this  data  section  are  representative  of  the  fidelity 
characteristics  of  the  test  system  under  different  operating  conditions.  This 
type  of  test  is  useful  in  indicating  whether  the  output  of  the  system  has 
significant  distortion  components.  In  eome  applications,  the  frequency  content 
of  the  distortion  can  create  problems  in  stablity  and  structural  life  by 
exciting  resonant  modes  of  the  mechanism  driven  by  the  actuator. 

Output  Fidelity  vs  Input  Level 

Figures  66,  67  and  68  show  the  output /input  characteristics  of  the  test  system 
operating  unloaded  at  1.5  Kz.  The  test  system  is  configured  normally  with 
channels  1  and  3  active,  and  2  and  4  as  models.  These  figures  show  the  effect 

of  input  level  changes  ou  the  output  at  the  1/2  bandpass  frequency.  Figure  66 

displays  the  0.5%  and  1%  input  response.  Note  that  at  the  0.5%  input  level, 
the  output  of  the  actuator  shows  no  response.  This  is  an  indication  of  dynamic 
threshold  and  is  a  level  which  is  greater  than  the  0.28%  measured  earlier  in 
the  testing  (reference  Table  3).  However,  the  0.5%  input  is  lover  than  the 
0.77%  dynamic  threshold  measured  under  load  condition  B  (reference  Table  14). 
Note  that  with  the  1%  input,  the  output  ia  nominally  sinusoidal  at  an 
amplitude  which  is  approximately  1%  of  the  total  stroke.  At  the  1%  output, 
there  is  both  noticeable  "flat  topping"  of  the  sinusoidal  motion  and  amplitude 
modulation  of  the  waveform.  The  noise  content  of  the  output  at  1%  is  quite 

noticeable  on  Figure  66.  On  Figure  67  with  2%  and  5%  input  data,  the  noise 

content  is  much  less  noticeable.  The  5%  output  shows  less  flat  topping  than 
the  2%  input  data  and  no  apparent  amplitude  motion.  At  a  10%  input  level,  as 
shown  on  Figure  68,  the  output  closely  resembles  the  input  with  no  amplitude 
modulation  and  flat  topping.  Note  that  the  phase  lag  between  the  output  and 
input  remains  the  same  for  all  the  input  levels. 


Output  Fidelity  vs  Offset  Bias  -  No  Load  -  10%  Input 

Figures  69  through  74  illustrate  the  effect  of  channel  bias  differences 
equivalent  to  30%  of  the  spool  stroke  on  large  amplitude  (10%  of  the  maximum 
stroke)  output  motion.  Figures  69,  71  and  73  represent  date  with  0  bias 
applied.  Figures  70,  72  and  74  represent  data  with  a  30%  bias  applied.  The 
input  frequencies  are  the  same  for  the  figure  pairs  of  69  and  70,  71  and  11,  73 
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and  74.  The  purpose  of  this  date  preseutation  format  is  to  allow  easy  visual 
comparison  of  "0"  bias  data  with  "30%'’  bias  data  at  the  same  frequencies. 

As  shown  on  Figure  69.  the  output  closely  resembles  the  input  (with  the  180° 
phase  shift  due  to  the  polarity  of  the  feedback  transducer  used  to  measure  the 
output  motion).  Note  that  at  .1  Hz  and  .25  Hz,  the  output  tracks  the  input  with 
negligibile  phase  shift  (from  a  180°  phase  angle).  There  is  some  minor 
distortion  of  the  output  visible  on  the  output  at  both  frequencies.  The  effect 
of  the  30%  bias  as  shown  on  Figure  70  is  to  increase  the  distortion  of  the 
sinusoid  slightly  over  that  shown  on  Figure  69.  The  distortion  increase  is  in 
the  form  of  a  slope  flattening  of  the  motion  just  after  the  maximum  amplitude 
peak  in  the  retract  direction. 

Figures  71  and  72  illustrate  the  effect  input  bias  has  on  the  output  waveform 
at  0.5  and  1.0  Hz.  The  output  waveform  cs  shown  on  Figure  71  with  0  bias 
closely  resembles  the  input  with  no  apparent  distortion.  However,  the  output 
waveform  with  a  30%  bias  at  the  Seme  frequencies  shows  distinct  "flat 
topping".  This  is  caused  by  the  force  fight  between  channels  showing  up 
during  the  portion  of  the  motion  where  the  actuator  is  reversing  direction. 

Figures  73  and  74  illustrate  the  effect  of  input  bias  on  the  output  waveform  at 
2.0  and  3.0  Hz.  A  comparison  of  these  two  figures  shows  no  apparent  difference 
in  the  output  waveform.  The  output  shows  the  effect  of  slight  rate  saturation 
at  3  Hz,  indicating  that  the  control  valves  are  stroking  full  deflection. 

From  these  test  results,  it  appears  that  channel  bias  conditions  have  very 
little  effect  on  the  output  waveform  at  frequencies  above  1/2  the  bandpass 
frequency.  There  is  a  minor  distortion  increase  with  channel  bias  mismatch 
for  frequencies  below  the  1/2  bandpass  frequency.  Thi6  is  consistent  with 
increasing  input  frequency  requiring  increase  flow  and  spool  deflection.  At 
low  frequencies,  the  bias  offset  is  a  larger  percentage  of  the  spool  motion  and 
has  greater  effect  than  at  higher  frequencies. 

Output  Fidelity  vs  Offset  Bias  -  Symetrical  Load  B  -  10%  Input 


Figures  75  through  78  illustrate  the  output  waveform  of  the  test  system  at  10% 
inputs  and  frequencies  of  0.1,  1.0  and  3  Hz.  The  load  applied  is  the 
symmetrical  load  B.  The  figures  are  grouped  so  the  effect  of  bias  at  the  6ame 
frequencies  can  be  easily  made.  The  data  displayed  is  limited  to  3  frequencies 
since  the  symmetrical  load  B  test  results  are  not  significantly  different  than 
unloaded  test  conditions  (load  A)  for  the  10%  input  level. 

Comparing  Figure  76  with  30%  bias  to  Figure  75  with  0%  bias  shows  that  the  bias 
creates  minor  output  distortion  in  the  form  of  flattening  at  or  after  the  peak 
amplitude  excursion.  The  effect  is  apparent  at  both  0.1  and  1  Hz  input 
frequencies.  The  effect  is  only  slightly  more  than  that  perviously  observed 
with  load  A  (unloaded)  at  the  same  frequencies  (reference  Figures  69  through 
72). 

Figures  77  and  7 8  at  3  Uz  show  no  difference  in  the  output  waveform  for  the  two 
bias  conditions.  The  output  exhibits  a  slight  rate  saturation  for  both 
figures.  This  result  is  similar  to  that  of  the  unloaded  tests  at  the  same 
frequency  anu  input  level. 
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TEST  ITEM  -  Boeing  Reconf igurable  Fail  Operative 
Fly-By-Wire  Servoactuator 

TEST  -  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 

Symetricai  Load  -  10%  Input 


Input  Level:  10% 
Input  Freq.:  1.0  Hz 
Load  Cond.  :  B 
Bias  Cond .  :  0% 


Scale : 

Input  -  0.05  v/div 

X  _  -  0.0093  in/div 

out 


Figure  75.  Output  Fidelity  @  0. 1  Hz  &  1  Hz  @  10%  Input  -  Load  B  -  0% 
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Input  Level:  10% 
Input  Freq.:  1.0  Hz 
Load  Cond.  :  B 
Bias  Cond.  ;  30% 


Scale : 

Input  -  0.05  v/div 

X  -  0.0093  in/div 
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igure  76.  Output  Fidelity  @0.1  Hz  &  1  Iiz  0 


10%  Input  -  Load  B  -  30%  Bias 


TEST  ITEM  -  Boeing  Rcconf igurable  Kail  Operative 
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TEST  -  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 

Symetrical  Load  -  10%  Input 
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Input  Level:  10% 
Input  Freq.:  3.0  Hz 
Load  Cond .  :  B 
Bias  Cond.  :  0% 


Scale : 

Input  -  0.05  v/div 
Xout  “  °-0093  in/div 


Figure  77.  Output  Fidelity  @  3  Hz  (?  10%  Input  -  Load  B  -  0%  Bias 


TEST  ITFM 


Boeing  Reconf igurable  Fail  Operative 
Fly-By-Wire  Servoactuator 


TKST 


Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Symetrical  Load  -  10%  Input 
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Figure  78.  Output  Fidelity  ^  3  Hz  (J  lu%  Input  -  Load  B  -  30%  Bias 
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Symmetrical  load  B  does  increase  the  distortion  observed  for  the  1QX  input. 
The  distortion  is  greatest  for  frequencies  below  1/2  bandpass  frequency. 


Output  Fidelity  vs  Offset  Bias  -  Asymmetrical  Load  C  -  10Z  Input 

Comparing  the  actuator  output  waveform  on  Figures  79  and  80  for  the  input 
frequencies  of  0.1  and  0.25  Hz,  there  is  apparent  minor  waveform  distortion  at 
the  amplitude  peaks  at  both  frequencies.  The  effect  of  the  30X  bias  conditions 
of  Figure  80  is  to  increase  the  distortion  compared  to  the  0Z  bias  of  Figure 
79.  The  amplitude  of  the  distortion  is  slightly  greater  than  that  for  the 
unloaded  or  load  B  test  data. 

Figures  81  through  84  illustrate  the  effect  of  load  C  on  the  output  distortion 
of  the  test  system  with  0Z  and  30Z  input  bias  conditions.  Note  that  the  30Z 
bias  is  below  the  failure  detection  level  used  for  evaluating  the  test  system. 

Figures  81  and  82  show  the  output  motion  at  frequencies  of  0.5  and  1  Hz.  For 
the  OZ  bias  condition  shown  on  Figure  81,  the  output  at  both  frequencies  shows 
very  little  amplitude  distortion.  However,  Figure  82  with  the  input  bias 
equivalent  to  30Z  of  the  maximum  spool  stroke  into  one  active  channel,  shows 
noticeable  distortion. 

Figures  83  and  84  for  input  frequencies  of  2  and  3  Hz  show  little  distortion 
for  either  bias  conditior.  As  with  the  previous  10Z  input  command  data,  the  3 
Hz  output  shows  some  rate  saturation.  With  this  asymmetrical  load  condition, 
the  rate  saturation  (as  shown  by  straightening  of  the  sinusoid  into  a 
triaugular  wavef Ciu )  occurs  primarily  in  one  direction  of  motion.  This  is 
consistent  with  the  bias  force  load  associated  with  load  condition  C. 

From  Figures  79  through  84,  it  is  apparent  that  load  C  has  greater  effect  on 
the  10Z  output  motion  than  load  B  or  unloaded  operation.  The  effect  is  greater 
at  frequencies  below  1/7  bandpass  (1.5  Hz). 

Output  Fidelity  vs  Offset  Bias  -  Symmetrical  Load  3  -  3Z.  Input 

Figures  35  through  88  shov  the  output  characteristics  as  a  function  of  channel 
bias  at  two  frequencies  (0.25  Hz  and  1  Hz)  and  a  3%  input  level  and  load  B, 
This  input  level  is  a  medium  amplitude  input  test  signal  for  an  actuation 
system.  (For  example,  the  F-16  actuators  specify  a  frequency  response  envelope 
at  2%  of  maximum  input.)  Four  input  bias  levels  are  used  for  these  3X  input 
levels:  0%,  10Z,  20Z  and  30%.  Note  that  the  30Z  bias  is  below  the  35Z 
equivalent  spool  position  mismatch  where  a  channel  failure  i8  declared. 

Comparing  Figures  85  through  88  show  that  for  load  B  and  increasing  offset 
bias,  there  is  significant  output  distortion  for  bias  conditions  of  10Z,  20% 
and  30Z.  The  distortion  increases  with  the  increase  in  offset  bias.  The 
distortion  ic  primarily  irregular  slope  changes  which  modify  tne  shape  of  the 
sinusoid.  The  effect  is  most  apparent  at  the  peak  amplitudes  of  the  sinusoidal 
output . 


Output  Fideli tv  vs  Offset  Bias  -  Asymmetrical  Load  C  -  3%  Input 

Figures  89  through  92  show  the  output  characteristics  as  a  function  of  channel 
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Input  Level:  10% 
Input  Freq.:  0.25  Hz 
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Figure  79.  Output  Fidelity @ 0. !  Hz  &  0.25  Hz  0  10%  Input 


Load  C  -  0%  Bias 
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Input  Level 
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Figure  80.  Output  Fidelity  t?  0.1  Hz  b  0.25  Hz  @  10%  Input  -  Load  C  -  30%  Bias 
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TEST  ITEM  -  Boeing  Reconf igurahle  Fail  Operative 
Fly-By-Wire  Servoactuator 


Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 
Offset  Load  -  10%  Input 
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Figure  HI.  Output  Fidelity?  0.5  Hz  &  l  Hz  0  iU%  Input  -  Load  C  -  0%  .Bias 
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TEST  -  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 

Offset  Load  -  10%  Input 
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Figure  82.  Outpu.  Fidelity  (3  0.5  Hz  &  1  Hz  $  10%  Input  -  noad  C  -  30%  Bias 
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Figure  85.  Output  Fidelity  D  0.25  Hz  &  1  liz  (J  3%  Input  -  Load  B  -  0%  Bias 
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Figure  86.  Output  Fidelity  @  0.25  Hz  &  1  Hz  (3  3%  Input  -  Load  B  -  10%  Bias 
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igure  88.  Output  Fidelity  @0.25  Hz  6  l  Hz  (>  3%  Input  -  Load  B  -  30%  Bias 
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Figure  89.  Output  Fidelity  (3  0.25  Hz  &  1  Hz  CJ  3%  Input  -  Load  C  -  0%  Bias 
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Figure  90.  Output  Fidelity  @0.25  Hz  &  1  Hz  @  3%  Input  -  Load  C  -  10%  Bias 


v:<«  .>i  jm  _»*  ^  ji  J>»v » V; .»»-  ku*.H'  /*; 


TEST  ITEM  - 


Boeing  Reconf igurable  Fail  Operative 
Fly-By-Wire  Servoactuator 


Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias 
Load  -  3%  Input 


-  Offset 


Date  Prepared  10/18/83 


:  I  I  ;;T 
i.rhrn  • 


Input 


*  l  •!"i  i -U— 


s::  :  i  : 


!  j  T;  I; 

Hi 


— rU— ■ •  Input  Level 
•  I • ;  "  /  Input  Freq. 
--  /  Load  Cond . 
t#tr:  Bias  Cond. 


3% 

0.25  Hz 
C 

20% 


Scale : 


■Trnnn 


:  j!  ‘  *  i  \TT  I  -”71 

x°ut  ijup pTlhr  j r f!~ 


I  . 


l.i  ..ip:—!:..  .-i*  Input  -0.02  v/div 

Lj— 4--i— 


X  0.0037  in/div 

out 


-J--  ]...4-Mi/L-L.:J 


i  .i  |  i  ■  i 

j . — L  -  .  -.J j  i_ 


"J  .r  O  Tr~7 — ' 

L  J  ILL  P-.J;.p:I'C 


j-  lnputp^-:r  :tTT-tr||*jr;^? 


:  HI 


j;:  \T  '  ;i,  I  Input  Level 

;;;TTSv  :i.-j  Input  Freq. 
TTT~:  ;::i  Load  Cond. 


T  !'  i 


:n — rr. 


4  -  !  4-1  --4- — 4-  -I 


rprpv- L*i  -ir  HL  T  ;=r| 

LlilLiil:  07™  L:Pi  LL  Li  LlLI 


-vPy.  Bias  Cond . 


3% 

1 .0  Hz 
C 

20% 


Sgafc; 


— 4-  i-  -4  a  -  f — i  --t  — i — t — ■ 


i.  ^  X 

;  I 


ir  TT71-  I,  • 


I  I  . _  . 

i  ! := 


pxN'i  ^  >  T  ~;;-j  '  |j  : 

izcESHffl::!:]1"  Jdirir  irk, 


N  ""IF 


::  !  Input  -  0.02  v/div 

-  "fil 


xout  -  °-0037  in/div 


Figure  91.  Output  Fidelity  p  0-25  Hz  &  I  Hz  @  3%  Input  -  Load  C  -  20%  Bias 
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Figure  92.  Output  Fidelity  @0.25  Hz  &  1  Hz  Q  3%  Input  -  Load  C  -  30%  Bias 


bias  at  frequencies  of  0.25  Hz.  and  1  Hz  at  a  32  input  level  and  load  C.  This 
load  provides  a  significant  bia6  load  on  the  output  of  the  teat  actuator. 

Comparing  Figures  89  through  92  shows  that  there  is  significant  output 
distortion  for  all  bias  conditions  at  both  0.25  and  1  Hz.  The  distortion 
increases  with  increasing  bias  offset.  The  distortion  at  0.25  Hz  is  in  the 
form  of  a  ragged  modulation  of  the  basic  sinusoidal  output.  The  amplitude  of 
the  modulation  increases  with  bias  to  a  value  of  about  122  of  sinusoidal 
amplitude  at  302  offset  bias.  With  02  bias,  the  distortion  occurs  at  the  peaks 
of  the  sinusoid.  With  the  30%  bias,  the  distortion  occurs  over  the  entire 
sinusoidal  motion. 

The  distortion  for  the  1  Hz  output  on  Figures  89  through  S2  is  different  from 
that  observed  at  0.25  Hz.  The  distortion  is  in  the  form  of  irregular  slope 
changes  of  the  sinusoidal  output.  The  amplitude  of  the  distortion  increases 
with  increasing  offset  bias. 
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Wi  h  the  32  input  level,  the  effect  of  load  and  bias  conditions  on  the  output 
distortion  is  more  ciguificant  than  that  observed  with  the  10%  input  distortion 
testing.  The  distortion  is  least  with  the  lowest  offset  bias.  Load  C  increases 
the  distortion  compared  to  load  B  and  changes  the  characteristic  of  the 
distortion  from  a  slope  charge  to  a  higher  frequency  modulation  of  the 
sinusoidal  output  at  0.25  Hz. 

Output  Fidelity  va  Offset  Bias  -  Symmetrical  Load  B  -  1%  Input 

Figures  93  through  104  show  the  effect  of  channel  bins  mismatch  on  the  output 
of  the  test  system.  Load  B  is  used  for  these  figures.  No  unloaded  test 
results  are  shown.  The  test  results  for  load  B  and  unloaded  are  essentially 
identical.  This  could  be  expected  since  at  the  12  amplitude  of  output  motion, 
the  maximum  load  applied  to  the  test  actuator  at  peak  stroke  is  169  lbs 
(compared  to  the  18,600  lbs  stall  output  force  available  from  the  test 
actuator).  The  12  command  level  is  a  small  amplitude  input  signal.  This 
amplitude  is  consistent  with  a  test  input  amplitude  for  fly-by-wire  actuators. 
(The  F-16  fly-by-wire  actuators  are  tested  and  qualified  for  frequency  response 
at  an  input  amplitude  signal  of  2%  of  maximum  command).  Because  of  the  light 
loading,  these  figures  (93  through  104)  are  primarily  an  evaluation  of  the 
effect  of  bias  conditions  between  active  channels  on  the  output  of  the  teat 
system.  Figures  93  through  95  show  the  system  output  at  1%  command  for  02  bias 
offset.  Figures  96  through  98  shown  the  system  output  at  1%  command  for  102 
bias  offset.  Figures  99  through  101  show  the  system  output  at  12  command  for 
20%  offset.  Figures  1C2  through  104  show  the  system  output  at  12  command  fer 
302  bias  offset.  The  302  bias  offset  is  just  below  the  352  spool  position 
difference  used  for  the  failure  detection  threshold  for  test  system  failure 
logic . 


Figures  93  through  95  wich  0  iaput  offset  bias  show  the  same  distortion  on  the 
output  at  all  test  frequencies  used.  The  distortion  amplitude  appears  constant 
from  0.1  Hz  to  2  Hz  and  at  a  constant  frequency.  Because  of  the  input 
frequency  change,  the  effect  of  the  distortion  components  appears  as  ragged 
modulation  of  the  0.1  Hz  output  waveform  (reference  Figure  9?)  and  a  irregular 
slope  change  cf  che  1  Hz  output  waveform.  The  distortion  amplitude  appears 
nominally  11%  of  the  output  amplitude  (or  0.112  of  the  maximum  stroke).  Figures 
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Figure  93 


Output  Fidelity  @  0.1  Hz  &  0.25  Hz  @  1%  Input  -  Load  B  -  0%  Bias 
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igure  94.  Output  Fidelity  @0.4  Hz  &  l  Hz  @  1%  Input  -  Load  B  -  0%  Bias 
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Figure  93.  Output  Fidelity  Q  2  Hz  &  3  Hz  y  1%  Input  -  Load  B  -  07.  Bias 
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Figure  96.  Output  Fidelity  0  0.1  Hz  &  0.25  Hz  (0  |%  Input  -  Load  B  -  10%  Bias 
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igure  101.  Output  Fidelity  @  2  Hz  &  3  liz  y1  1%  Input  -  Load  B  -  20%  Bias 
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Figure  102.  Output  Fidelity  @0.1  Hz  &  0.25  Hz  @  1%  Input  -  Load  B  -  30%  Bias 


TKST  ITKM  -  Booing  Ueconl igurable  Kail  Operative 
I'ly-Uy-Wire  Sc rvaocLuator 

TRST  -  Output  Fidelity  -  As  a  Function  of  Channel  Offset  Bias  - 

Symetrical  Load  -  1%  Input 


Date  Prepared  10/19/83 


Input  Level:  1% 
Input  Freq.:  0.5  H2 
Load  Cond.  :  B 
Bias  Cond.  :  30% 


Scale : 

Input  -  0.005  v/div 
Xout  ~  0.00093  in/div 


Input  Level:  1% 
Input  Freq.:  1.0  Hz 
Load  Cond.  :  B 
Bias  Cond .  :  30% 


§££le: 

Input  -  0.005  v/div 
XQut  -  0.00093  in/div 


Figure  103.  Output  tidelityO  0.5  Hz  &  1  Hz  @  1%  Input  -  Load  B  -  30%  Bias 
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Figure  104.  Output  Fidelity  @  2  Hz  &  3  Hz  1%  Input  -  Load  B  -  30%  Bias 
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93  through  95  are  representative  of  the  output  fidelity  of  the  system  with  no 
load  and  with  the  active  channels  sychnronized  together.  Note  that  at  3  Hz, 
there  is  very  little  distortion  and  the  output  closely  resembles  the  input 
sinusoidal  wave.  orm. 

Figures  96  through  98  with  an  input  offset  bias  of  102  show  output  distortion 
similar  or  les6  than  that  with  02  bias  offset.  The  distortion  at  frequencies 
from  0.1  Hz  to  1  Hz  appears  less  with  a  102  bias  offset  than  with  0  2  bias 
offset.  The  distortion  at  2  and  3  Hz  appears  slightly  worse  with  the  102  bias 
offset.  However,  it  appears  that  a  bias  offset  of  102  does  not  greatly  increase 
the  output  distortion  at  the  12  output  level. 

Figures  99  through  101  show  the  effect  of  an  input  offset  bias  of  202.  The 
effect  (as  compared  to  the  output  with  02  bias  offset)  of  the  202  bias  offset 
ic  quite  noticeable.  The  output  at  all  frequencies  shows  "flat  topping".  At  2 
and  3  Hz  frequencies,  the  amplitude  of  the  output  is  noticeable  attenuated 
compared  to  the  02  offset  bias  output  (reference  Figure  95). 

Figures  102  through  104  show  a  severely  distorted  output  at  all  frequencies 
from  0.1  Hz  to  3  Hz.  The  effect  of  the  302  bias  offset  is  greatest  at  the 
higher  frequencies  with  the  output  motion  at  3  Hz  almost  disappearing. 

From  the  observed  effects  of  the  offset  bias  on  the  system  output  for  the 
lightly  loaded  conditions  shown  on  Figures  93  through  104,  it  appears  that  bias 
offsets  greater  than  102  have  a  significant  negative  effect  on  the  output  of 
the  system  at  small  sign.  1  input  levels. 


Output  Fidelity  vg  Offset  Bias  - 


Load  C  -  12  Input 


Figures  105  through  116  show  the  effect  of  input  offset  bias  on  the  output  of 
the  system  with  load  C  applied  and  the  input  level  at  12  of  the  maximum 
commanded  input.  As  opposed  to  load  B  at  12  output  deflection  which  provides 
little  load  on  the  actuator  output,  load  C  provides  a  significant  offset  load 
(4,675  lbs)  towards  midstroke  position  of  the  test  actuator.  These  figures 
illustrate  the  ability  of  the  test  system  to  respond  to  a  dynamic  input  signal 
over  the  design  bandpass  of  the  system. 


Figures  105  through  107  show  the  output  waveform  at  0%  bias  offset.  Figure  105 
and  106  show  noticeable  distortion  of  the  output  at  frequencies  of  0.1  Hz,  0.25 
Hz,  0.5  Hz  and  1  Hz.  The  distortion  amplitude  is  nominally  132  of  the  output 
amplitude  and  is  greater  than  that  observed  with  load  B  at  the  same  offset  bras 
(reference  Figures  93  and  94).  At  2  Hz  and  3  Hz  as  shown  on  Figure  107,  the 
amount  of  distortion  is  reduced  and  the  output  appears  only  slightly  distorted. 


Figures  10  8  through  110  show  i.he  output  waveform  at  102  bias  offset.  As 
opposed  to  load  B  10%  biaB  offset  results  which  showed  little  effect  with  a  10% 
Oj.f6et  bias,  the  output  waveform  with  load  C  and  a  102  bias  offset  degrades 
noticeably  (compared  to  the  02  offset  bias).  The  degradation  is  primarily  a 
distortion  of  the  sinusoid  without  a  degradation  of  the  output  amplitude. 

Figures  111  through  113  show  the  output  waveform  at  202  bias  o  fset.  The 
amplitude  of  the  distortion  components  i6  nominally  20%  of  the  output 
amplitude,  and  increases  from  that  observed  with  lower  input  biases.  The  0.1  Hz 
through  1  Hz  input  frequencies  show  a  similar  "ragged"  modulation  of  the  output 


16  I 


TEST  ITEM 


Boeing  Keconfigurablc  Fail  Operative 
Fly-By-Wire  Ser voacLuator 


TEST  -  Output  Fidelity  -  As  a  Function  of  Channel  Offset  bias  - 

Offset  Load  -  Input 


Gould  Inc.,  Instrument  Systems  Division  Ch-vef-mc 
*— 1 r—* — * — *■— » — K  4 - > — U4 — t-4—t — J-  4-4 — * — H— |t— 1 


Date  Prepared  10/20/83 


Input  Level:  1% 
Input  F.eq.:  0. ,  Hz 
Load  Cond .  :  C 
Bias  Cond.  :  0% 


Scale : 

Input  -  0.003  v/uiv 
Xout  ~  0.00093  in/div 


c - > 


Input  Level:  1% 

Input  Freq.:  0.25  Hz 
Load  Cond .  :  C 
Bias  Cond.  :  0% 


Scale : 

Input  -  0.005  v/div 

X  ,  -  0.00093  in/div 

out 
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Figure  107.  Output  Fidelity  @  2  Hz  &  3  Hz  0  1%  Input  -  Load  C  -  0%  Bias 
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fundamental  frequent  sinusoid.  However,  at  2  Hz  and  3  Hz  as  shown  on  Figure 
113,  the  distortin.  ^.e  primarly  a  low  frequency  modulation  of  the  output  at  a 
low  amplitude. 


Figures  114  through  116  show  the  output  waveform  at  a  30%  bias  offset.  The 
distortion  of  the  output  is  3imilar  to  that  with  a  20 %  biaB  offset  with  the 
amplitude  of  the  distortion  increased.  However,  while  with  load  B  the  output 
for  the  30%  bias  offset  was  severely  attenuated,  output  amplitude  with  load  C 
and  the  same  bias  remains  relatively  constant  for  all  the  input  freqencies. 


From  the  preceding  Figures  105  through  116,  it  appears  that  the  bias  load  of 
load  C  reduces  the  adverse  effects  of  bias  offsets  in  the  control  channels. 
However,  the  output  fidelity  is  best  with  0%  offset  bias  (where  the  channels 
are  tracking  together). 
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DYNAMIC  FAILURE  DETECTION  CHARACTERISTICS  AMD  ANALYSIS 


Figure  117  shows  the  failure  detection  characteristics  of  the  Boeing 
Microprocessor  controlled  actuator  for  sinusoidal  failure  iuputs.  The  three 
curves  presented  on  Figure  117  correspond  to  the  number  of  samples  allowed  with 
an  error  above  the  failure  detection  threshold  before  a  failure  is  declared. 
The  figure  shows  that  the  detection  level  is  frequency  dependent.  For  example, 
with  the  12  iteration  setting  the  failure  logic  detection  level  is  maintained 
at  the  >:-.ic  failure  detection  only  out  to  1.5  Hz.  Above  this  frequency,  the 
amplitude  required  for  an  input  failure  declaration  rises  to  more  than  10  times 
the  low  frequency  level.  For  the  6  iteration  curve  the  failure  detection 
amplitude  remains  relatively  constant  from  0  to  3.5  Hz.  The  3  iteration 
failure  detection  curve  maintains  a  constant  amplitude  up  to  a  10  Hz  frequency. 

The  inability  of  the  detection  logic  to  maintain  a  uniform  detection  level  is  a 
direct  result  of  the  time  interval  before  a  failure  is  allowed  to  be  declared. 
Thi6  ia  quite  apparent  for  the  12  iteration  cape  where  the  sample  time  during 
which  a  failure  must  be  above  the  failure  detection  vh-»shold  is  0.192  second 
(corresponding  to  a  60  Hz  sampling  frequency).  At  an  iuput  frequency  of  3  Hz, 
the  input  signal  amplitude  passes  through  zero  every  0.165  second.  This  is 
always  true  at  this  frequency  independent  of  amplitude.  The  0.165  second  is 
lees  than  the  0.192  second  required  for  a  failure  declaration.  A  corresponding 
point  of  failure  detection  failure  occurs  on  the  6  iteration  curve  at  5  Hz.  At 
5  Hz  the  sinusoidal  input  passes  through  zero  every  0.1  second.  Thi6  is  very 
close  to  the  0.096  second  failure  declaration  time  delay.  At  this  input 
frequency,  the  amplitude  of  input  signal  for  a  failure  declaration  rises  to 
more  than  6  times  the  low  frequency  detection  level.  This  same  problem  at  10 
Hz  can  be  predicted  for  the  3  iteration  failure  declaration  time  delay  of  0.048 
second.  A  10  Hz  sinusoidal  signal  passes  through  a  zero  amplitude  every  0.05 
second. 

Although  failure  detection  methods  must  tolerate  input  transients  without 
nuisance  failure  declaration,  the  sample  time  delay  threshold  mechanization  has 
the  demonstrated  weakness.  For  any  selected  time  delay,  there  is  a  sinusoidal 
input  frequency  above  which  failure  detection  is  not  well  maintained.  A  better 
approach  to  failure  detection  would  be  a  method  which  looks  at  both  the 
amplitude  end  duration  (input  time  history)  of  the  failure  input.  An  actuator 
(or  an  aircraft)  integrates  a  failure  transient  with  the  integration  rate 
dependent  on  the  amplitude  of  the  transient.  The  output  amplitude  deviation  is 
dependent  on  the  input  transient  duration.  A  detection  scheme  that  looks  at 
the  product  of  amplitude  and  duration  and  time  (really  a  measurement  of  the 
area  under  the  failure  amplitude  time  history  curve)  would  be  a  realistic 
failure  detection  method. 


Boeing  Reconf igurable  Fail  Operative  Fly-3y-Wire; 
iiprvo  Actuator 


A  PROBLEM  WITH  SAMPLING  AMD  &EU..XHG  FAILED  CHANNELS 

The  test  system's  failure  detection  mechanization  uses  a  combination  of 
amplitude  threshold  and  persistence  criteria  for  declaring  the  failure  of  a 
faulty  channel  (and  initiating  reconfiguration).  The  criteria  require  the 
failure  detection  amplitude  to  ue  exceeded  a  specified  number  of  consecutive 
samples  before  a  failure  is  declared.  In  a  similar  manner,  once  a  channel  has 
been  declared  to  be  failed,  it  will  continue  to  be  sampled  and  will  be  declared 
good  again  if  no  failure  is  detected  for  a  given  number  of  consecutive  samples. 

More  samples  are  normally  specified  to  remove  the  failure  declaration  than  to 
make  it. 

There  is  a  prob?  sm  with  the  approach  of  sampling  failed  channels  and  reusing 
them  if  they  appear  good.  The  failure  logic,  with  a  particular  sequence  of 
input  or  channel  failures,  can  be  "fooled”  into  not  correctly  detecting  input 
failures.  Such  a  sequence  of  failures,  as  illustrated  on  Figure  118,  is  not 
improbaole  in  the  normal  operation  of  a  flight  control  system.  The  sequence 
which  fool'  the  system  is  one  in  which  a  slowly  changing  input  signal  (varying 
from  +  to  -  voltage  and  back)  is  sequentially  applied  to  the  4  inputs.  Upon 
exceeding  the  failure  threshold  for  the  'elected  time  (iterations),  the  channel 
with  the  failure  input  1b  declared  failed.  For  a  slowly  varying  failure  input 
signal  (for  example  a  s,ow  drift),  the  channel  with  the  failure  input  can 
subsequently  agree  with  the  other  channel  inputs  long  enough  for  the  channel  to 
be  declared  "good"  and  imed  again  in  the  voting  logic.  If  another  subsequent 
input  failure  which  is  similar  to  the  first  occurs  with  a  second  channel  during 
L'ne  time  where  the  previously  failed  (and  uncorrecteo)  channel  appears  good, 
there  are  now  two  channels  with  the  same  f  ilure  input  and  two  channels  with 
the  correct  input.  The  failure  logic  does  not  have  the  capability  to  correctly 
identify  the  failures  and  vote  them  out.  The  attempt  to  extend  the  failure 
tolerance  capability  of  the  system  by  monitoring  failed  channels  for  potential 
reuse  has  provided  the  failure  logic  with  the  same  problem  it  would  encounter 
with  simultaneous  "like"  failures.  The  difference  is  that  the  simultaneous 
"like"  failures  require  that  the  two  failures  occur  within  a  very  short  time 
(the  time  for  the  specified  failure  vote  iterations)  while  the  6lovly  varying 
input  failures  can  have  an  indefinitely  long  time  (as  long  as  the  first  failed 
input  stays  within  failure  difference  amplitude  window)  in  which  they  can  occur 
and  fool  the  system.  Figure  118  illustrates  the  problem. 

I 

As  shown  in  Figure  118,  the  same  slowly  varying  ramp  input  is  applied  | 

sequentially  to  channel  1,  2,  3  and  4  inputs.  This  is  the  same  input  failuce 
test  condition  used  in  the  unloaded  failure  transients  measurements  (reference  ! 

Figure  24).  However,  for  Figure  24,  the  failure  status  removal  iterations  were 
adjusted  to  the  maximum  value  available  (300)  to  prevent  fooling  the  failure 
logic  for  the  particular  input  ramp  rate  used  for  the  test.  Figure  118  shows 
the  results  of  using  the  system's  normal  9  iteration  (or  sample)  criteria  for  j 

the  failure  status  change.  j 

| 

The  ramp  failure  is  first  applied  to  channel  1.  Note  that  the  input  voltage  i 

ramp  slope  is  0.625  vclt/second.  The  input  difference  for  the  failuie  ] 

detection  level  equivalent  to  352  the  spool  stroke  is  0.266  volt.  At  the  ramp  i 

slope  used,  it  takes  0.425  second  to  change  0.266  volt.  However,  the  time  ] 

required  to  vote  a  failed  channel  good  (with  9  iterations  at  0.025  1 

se cond/i terati on)  is  0.225  second.  As  the  ramp  passes  through  the  0  input  | 

level,  the  failure  input  amplitude  is  less  than  the  failure  detection  threshold 
for  0.425  second,  and  is  voted  good  after  0.225  second.  A  second  similar  j 
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failure  input  to  channel  two  is  applied  before  the  channel  1  input  moves 
through  the  detection  amplitude  threshold  (including  the  time  for  3  iterations 
to  be  declared  failed)  and  channel  1  and  2  both  have  the  same  inputs.  After 
thi6  second  input  failure,  both  sections  of  the  actuator  remain  active,  one 
section  with  a  ramp  input  and  one  section  with  a  null  input.  At  this  point, 
the  actuator  halves  fight  each  other  and  there  is  little  movement  in  reponee  to 
the  ramp.  Note  that  in  this  condition,  a  normal  input  into  channels  3  and  4 
would  not  create  a  correct  output  motion  of  the  test  actuator  because  of  the 
force  fight.  Upon  a  third  failure  into  channel  3,  the  test  system  output 
tracks  the  failure  inputs,  rather  than  the  correct  null  input. 

The  situation  can  be  helped  for  a  specific  set  of  itput  signals  by  adjusting 
the  number  of  iterations  necessary  for  declaring  a  failed  channel  good. 
However,  for  any  iteration  number  picked,  another  set  of  input  signal  failures 
can  be  selected  which  will  still  fool  the  failure  logic.  It  is  therefore 
recommended  that  the  technique  of  reusing  previously  failed  channels  be 
deleted  from  the  system. 

PISTON  SEAL  DESICH  CCR SI DERATIONS  FOR  THE  TEST  SYSTEM 

During  the  initial  unloaded  testing  of  the  test  system,  it  was  determined  that 
the  actuator  used  with  the  test  system  had  defective  piston  seals.  Disassembly 
of  the  actuator  revealed  that  both  halves  of  the  actuator  had  pistons  with  seal 
retaining  grooves  whose  walls  had  failed  mechanically.  The  actuator  rod  and 
pistons  were  replaced  prior  to  generation  of  the  data  presented  in  this 
document.  Figures  119  through  122  show  the  failed  actuator  pistons  after 
disassembly.  Figure  119  shows  the  actuator  rod  assembly  with  both  pistons.  The 
actuator  rod  is  made  in  two  sections  which  is  screwed  together  after  insertion 
in  th  actuator  body.  As  shown  in  this  figure,  the  failure  cf  one  piBton  seal 
is  quite  apparent.  Figures  120  and  121  are  close  up  views  of  the  failed  piston 
6eal,  showing  the  mechanical  failure  of  the  metal  wall  retaining  the  Teflon 
seal  rings.  Although  it  is  not  as  readily  apparent,  the  second  piston  also  had 
a  similar  mechanical  failure.  The  crack  at  the  bottom  of  the  groove  was 
sufficient  to  allow  leakage,  but  had  not  resulted  in  a  physical  distortion  of 
the  retaining  wall.  This  piston  seal  is  shown  in  Figur-e  122.  Note  the 
smearing  of  the  Teflon  split  ring  seal  across  the  face  of  the  piston. 

The  actuator  used  with  the  test  system  had  been  designed  and  qualified  for 
operation  with  a  tandem  flow  control  spool  valve  with  the  flow  control  edge3 
ground  to  match.  For  this  type  of  control  valve,  the  force  fight  between  the 
two  sections  is  minimized  and  remains  constant.  The  actuator  pistons  normally 
have  small  differental  pressures  most  of  the  operating  time. 

Wi  th  the  test  system,  the  flow  control  spools  move  independently.  Since  the 
valves  are  manufactured  as  high  pressure  gain  valves  (developing  full  system 
pressure  at  the  output  ports  with  small  input  currents  into  the  valve),  there 
is  a  normal  force  fight  between  actuator  sections.  The  actuator  pistons 
constantly  being  subjected  to  a  differential  pressure  magnitude  of  full  system 
pressure.  In  addition  to  a  constant  level  force  fight  between  the  actuator 
sections  due  to  the  servovalve  null  conditions,  the  noise  content  of  the 
control  inputs  to  the  servovalves  cause  changes  in  the  output  pressures  of  the 
servovalves.  These  pressure  changes  provide  a  constantly  changing  stress  level 
in  the  seal  ring  retaining  walls.  The  combination  of  a  large  magnitude  and  a 
constantly  varying  force  fight  creates  both  a  seal  life  (os  shown  by  the 


Figure  1 19 •  Actuator  Rod  &  Piston  Assembly  with  Body 
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smearing  of  the  piston  seal)  and  a  fatigue  stress  problem  for  tie  piston  seal 
design.  The  failure  of  the  pistons  on  the  test  actuator  provide  a  good 
demonstration  of  the  problem.  Pressure  feedback  compensation  can  reduce  the 
level  of  force  fight  and  provide  an  improvement  in  small  signal  distortion. 
This  will  reduce  the  amount  of  bias  offset  between  active  channels  but  will  not 
correct  for  the  noise  content  of  the  command  channels  causing  constantly 
varying  differential  pressures  across  the  actuator  drive  areas.  The  actuators 
used  with  control  systems  like  the  test  system  should  be  designed  for  large 
amplitude,  constantly  varying  differential  pressures  across  the  drive  pistons. 
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